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1 .O Introducrion 

D u r i n ~  the course o? our TRllL4 i : i v e s t i ~ a t : ~ ~ : i ,  \-,'v m a d e  considerable 
progress in six areas. These include the crcztion of a basic (Teogrnpliic :niormation 
system (GIS) for Africa, satellite asstssiments of rainfall, surface radia:ion balance, 
Lyater balance and its intcrarnual \rarizbilit\., the potential d\mamic effects of latent 
heating of the atmosphere, and improvenients i n  O U T  surface energ!- and \\,ater 
b a 1 an ce in o d el. 

Surface radiation balance parameters were assessed from satellite 
information, water  balance from the afore-mentioned model.  During the 
considerable time lapse betiiyeen our current studies and the availabilit)? of TRMM 
data, w e  anticipate further model irnprovcments. For this reason, we have 
produced preliminary estimates of surface i\*ater balance and have emphasized a) 
the production of a data base to be used i n  modelling efforts and b) the development 
of a model which readily lends itself to improvements in parameterization and in 
the incorporation of TRMh/I data, as they become available. 

For the TRh4M project as a whole, the data base ma). be the most important 
product of this investigation. The investigation has resulted i n  seven relevant 
articles submitted to or appearing in journals, six additional articles for which 
partial support  was provided, and tu-o currently in preparation and soon to be 
submitted. These are listed at  the end of this report. Copies of the most relevant 
articles are included in the appendix. 

@. 

2.0 GIS for Africa 

Perhaps the most important product of our TPdOl project is the c2tz base we 
produced, consisting of geographic and climatic information for Africa. This \vi11 
become available via an anonymous FTP server to all interested individuals. It 
should proi7ide information that is useful for both input and verification of climate 
models. I: L\yill also provided rainfall data for verifying TRMM results. 

Since our own work has focused on an approximately 1400 station netuyork of 
rainfall data, ~ 7 e  have attempted to organize the data base around these stations. 
Wherever possible, geographic and climatic parameters are given for each station. 
In \lieu. of the goal of the TR\IM mission to produce areallv averaged data, we have 
also produced a coarser resolution gridaed data set consistenting of areal averages, as 
derived from available station data or based on interpolation for the roughl\r 70 7c of 
the grid-squares containing no stations. The areal averages are simple a; thematic 
averages of all stations in each i b ~ i  i degree square. Interpolation is performed 
using NCAR's BIVAR package (Bil-aria te Interpolation and  Smooth Surface 
Fit tin g ). 

The geographic 
information consists of soil type, soil texture and vegetation type. Information is 
stratified by station. Soil type is taken from the F A 0  soils map  for Africa. Soil 
texture is taken from works of Zobler and Webb et al.. Vegetation type is taken from 
White's vegetation map of Africa. The climatic data include rainfall and PET 
(monthly and annual means) and  both station and gridded data are included. 
Rainfall is f r o m  the P.1.s archive.  PET is from FAO's two volumes of 
agriclimatological data for Africa and is calculated using the Penman formula, with 
interpolated values calculated for the stations not available through FAO. 

An overview of the data base is presented in Fig. 1. 



Rainiall is t h e  1710s; extensi\,c p3r,:n?c>tcr ii-i ::IC. dnt:. bast. \\'e ha!.? in  our 
ar.chi\ie n;onthlv dz:a since the  bcSiiii;inS oi obser\~3tions : o r  nca?:i\r 1-100 African 
stations. The records for o*\.er three quarters of the stations begin prior to 1925 and  
niost extend to at  least 1990, so tha t  calculated parzmeters Lire generally based on at 
least 65 years. The indi~*ldual monthlv d a t a  are not included, but monthly and 
annual mezns, standard dciriationc and coefficients of ~7ariatio1-1 are. Additionally, 
because the TrL4h.I mission \ r i l l  collect data for 5 !rc.ars, \.\'e ha\-e calculated i'or each 
station the maxiinurn and minimum rzinial l  for a n y  cansecu tive five-year period 
and the variance of these fi\ie-vear means. These \*;ill help to assess the validity of 
rainfall data assessed during a ;elatiirely brief period by the TRh4h4 satellite. 

Satellite data were used to deiive incident solar radiation, surface albedo, 
longwave fluxes, and surface net radiation. Due to the expense of obtaining- 
appropriate data, these were derived for several months from daily limited samples. 
All months were available from July 1983 to July 1985 except July 1967 and December 
1983. Included in the data base are gridded mean values (1 degree by 1 degree) of 
global radiation at the surface, surface albedo, and surface net radiation for January, 
April, Julv, October and the annual mean. Longwave data, provided by Darnel1 et al. 
and used'to produce the net radiation data, are not included in the FTP data base. 

Using a significantly revised version of Lettau's climatonomy model (see 
Nicholson et al., 1996), we have produced station-specific and gridded values of 
surface water balance parameters (Fig. 1). Only the gridded data are available via the 
FTP server. These include mean of evapotranspiration, runoff, and soil moisture 
for January, July ana the whole year. The dryness ratio and evaporation and runoff 
ratios are ialculatea for annual data onlv. 

3. Rainfall Assessment 

We have applied satellite methodologies to the assessment of rainfall over 
various sectors of Africa (Fig. 2). In the first case, rainfall o17er the Sahel during the 
years 1983 to 1988 l\-as estimated and analvzed using two cloud-based methods: cold- 
cloud frequency and mean infrared radiances. For annual rainfall, both methods 
were able to account for over 8070 of the variance throughout the region (Bz et al., 
1995). This study also demonstrated the accuracy of the methods in evaluating the 
interannual variability of rainfall 2nd its usefulness in analyzing the interannual 
variability of the ITCZ (both position and intensity). 

These methods were later applied to evaluating, more recent rainfall 
conditions. They were particularl). useful in assessment rainfall conditions during 
1994, a year claimed by some to be the wettest in a t  least 30 years. The satellite 
methods were useful in elyaluating conditions over the eastern Sahel, in an area 
nearly devoid of rainfall stations, and in documenting conditions during 1994 in 
detail (Ba, Nicholson and f i m ,  1996). 

We have also applied these methods to studving the interannual variability 
of the Sahel-Sahara boundary, in the context of asiessing claims concerning long- 
term desertification. The study (Nicholson, Tucker 2nd Ba, 1996) demonstrated that 
this boundary, as zssessed from vegetation index data (hTDVI), exhibits fluctuations 
closely parallelling rainfall changes. This clearly negates the concept of a long-term 
"advance" of the desert. 

A different methodology was applied to assessing rainfall over Botswana, in 
southern Africa. h4uch of the countrv consists of the desolate Kalahari "desert", a 



. .  sparselv ?o:,.ulatvcl semi-6es;crt resion ;1?2arl\* cic\.oid c! rii!i:1all s t ; l t i f i i l ,S .  \"\'e 

produced a 12121p of me211 m : l u a !  rriinfnll con3itio:is in  this zrez  (Fig. 3 ) ,  \ \ , i t 'n  rainfall 
"predicted" (Fig. 4) on the basis of regressions bet\I.et.n rainfal l  a n d  SDV1 
(Nicholson, Grist and hlpolokang, 1996). The result pro\.ided much m o r e  detail 
about the region's rainfall than \\'as availablt. iron] con\:entional station data. 

4. Surface Radiation Balance 

We have produced monthly mean data of global sola; irradiance and surface 
albedo over the African continent a t  - 0.25" latitude x 0.25" longitude using a 
physically based method (Ba et al., 1996, Ba and Nicholson, 1996). Monthly mean 
surface net radiation data were also produced at 2.5" latitude x 2.5" longitude using a 
complementary data on surface net radiation estimates from Darnell et al. (1992). 
The monthly mean datasets were obtained using data collected during the period of 
July 1983 through July 1988; during the time of processing the data for December 
1983 and July 1987 were missing. Our results were compared with other satellite 
based estimates namely those of Darnell et a l .  (1992), Pinker and Laszlo (1992) and 
Bishop and Rosso~.  (1991). Agreement is good between our estimates of global solar 
irradiance and all other estimates. The agreement is particularl\i good between our 
estimates and those of Darnell et a l .  (1992) with biases less 5 \Ym-2. Good agreement 
was also obtained between our surface albedo estimates and those of Darnell et al. 
(1992) which represent clear-sky albedo obtairid from broadband ERBE data. Figures 
5 and  6 present the mean annual global solar irradiance and the mean annual 
surface albedo at 1' latitude x 1" longitude. Figure 7 presents the mean surface net 
radiation at 2.5" latitude x 2.5" longitude. 

O n e  is the complex 
relationship between surface albedo, rainfall and vegetation. I t  is generally assumed 
that dry season albedo is higher than wet season albedo, but our results showed this 
to be the case only in semi-arid regions with relatively sparse vegetation cover. In 
more humid regions or semi-arid regions with dense vegetation, the wet season 
albedo is higher. Secondly, we have found unexpected large interannual variability 
in regions of relatively stable climate, such as the Saharan desert. In general, t h k  
result suggests the need for improved correction of the radiztion data for water vapo 
and aerosols. Finally, our study showed that calibrations in current use appear to be 
in error. Thus, if satellite data are to be applied to studjling the interannual 
variability of radiative parameters, improvements must be made in both calibration 
and  atmospheric corrections. 

This s tudy  has produced some surprising results. 

5. Water Balance 

We have used the climatonomy model to produce mean estimates of surface 
water balance parameters over the African continent. Precipitation, total runoff, 
evapotranspiration and soil moisture are estimated on an annual basis and for the 
most extreme months, January and  July. Annual maps for runoff, ET and soil 
moisture are presented in Figs. 8, 9 and 10. 

The results (Nicholson, Kim, Ba and Lare, 1996) indicate that ET generally 
exceeds 1500 mm/an  in the equatorial regions, with a few areiis where ET is in excess 
of 2000 mm/an .  It  ranges from abut 500 to 750 mm/an  in the semi-arid regions of 
eastern Africa and  about 200 to 750 m m / m o  in the semi-arid regions of the 



subtropcs. On a inon!!-.l~p cca!c, !:.izsii:~,i.. arc- (!:I ;he ordcr oi 1110 nini/r:y.o or ::~o:e. I t  
is on the order of 5 to 5C ixin,’zn i:? !he  semi-arid regioxs borderins the deserts. 
Runoff is zbout 200 to 500 :::ni/an in the ecuntarial latitudes, but generall)? iess than  
50 mm/ar .  in semi-arid regifins of .A.iricz. I i  ,?pproaches zero for mean annual 
rainfall be!oI\. 500 mm.  

I n  some areas, the 
difference Set\\*een \\’et and drv \-ears e x c e e . 3 ~  500 inmian; i t  can exceed 251) mm/an 
over much of the continen:. I?;r;off czn x.zry b\r over 100Ian from year to year in 
wetter regions of West Africa. In the equatoriil latitudes, even zonal means can 
vary by over 200 mm/ar. ,  compared to a !ong-term mean on the orde: of 350 
mm/an.  In the semi-arid sub-equatorial lztitudes, the zonzl means can vary by 100 
to 150 mm/an .  

Overall, there is good agreement betiveen our calculations of ET and those of 
several other studies. Nevertheless, a considerable range of values for the African 
continent appears  in  the literature. Some earlier studies appear to have  
dramatically underestimated both soil moisture and ET. This is partly a 
consequence of the relatively low values of net radiation obtained from traditional 

Interannual variabii! t j ?  is particul:.rl~ large for ET. 

I formula, as compared to modern satellite estimates. 

I 6.  Relation between Water Balance and Latent Heating: 2 Sahel Case Study 

Lare and  Nicholson (1994) calculated the surface water balance for large areas 
of West 2nd Southern Africa, in order to evaluate the importance of latent heating 
as a possible land-atmosphere feedback mechanism. The surface latent heat flux was 
determined for hvet arid Gri. years. For the Sahe!, calculations were done for surface 
fields and zlso for a transeci runnino i~o:~. the desert to the humid regions to the 
south. One important result is the aemo:?st:arion of a large change in the north- 
south gradient of latent heat fiux betik*een ij’e: \;ears and dry years, because higher 
rainfall in the wetter regions to the south is translated into increased runoff, with 
little change of evapotranspiration. Based on a crude atmospheric heating model 
and  considerations of thermal icind, the work showed that the change of wind 
speed in the area of the African Easterli- Jet, as a result of the change in  this gradient, 
is roughly comparable to that between \\-e: years and drought years. This implies 
that surface effects are significant enough to affect the large-sczle atmospheric 
forcing in the region. 

We hope  that this problem can be continued when TRM-M data become 
available. The latent heating profile can alloif- us to produce a much more realistic 
calculation of the effect of surface latent heat flux on atmospheric processes. 

t: 

I 7. Model Improvements 

During the course of the TRMM project, the climatonomy model of surface 
water balance water improved in several i5’avs. The empirical relationships were 
converted to physical ones and the surface h<drolog\’  as made more realistic. An 
improved runoff formulation was develo&d. Some of these improvements are 
describe in Lare and  Xicholson (1994) and’in Nicholson, Lzre, Marengo and Santos 
(1996). More recent ones ii-ill be described in the paper dealing with surface water 
balance over Africa (Kichoison, Kim, Ba 2nd Lare, 1996). 



\Ve are a t  present still \i-orkin< ox 211 inipro\.Gi para~netcrlza:ion of runoff. 
I t  utilizes rainfall in:ensi t j r  informati;\n deduced fro::? mo’nth:y data A regression 
is delleloped based on the frequcnclr distribution of rainfall e\ients of ITarious 
intensities as a function of monthl\, tital Thus, for such a runoff formulation the 
TRMh4 data on rainizll intcnsitjr *czn plai, a major role. I t  has  the potential to 
dramatically improve GCh4 calculations of Gurface runoff, one of the ix-eakest aspects 
of current models. 

8. Other Efforts Receilring Some TRAjL4 Support 

During the course of the TKhj.’\4 investigation, Dr. Mamoudou Ba received 
most of his support from TRMM. In addition the working on projects directly 
related to TRMM, as indicated above, Dr. Ba also did some work on correction of 
vegetation index data (Ba et al., 1996). This will ultimately be relevant our future 
work which grows out of the TRMM project. \Ye ~ 7 i l l  use TRMM rainfall estimates 
in our work balance work and in examining vegetation-water relationships. The 
corrected data set will give us better results. 

There was much synergism between our -TRA$M project and our HAPEX- 
Sahel work. The common denominator is the surface energy and uyater balance 
model which we  developed and utilized to study conditions over Africa. The 
model was improved a i d  validated, using joint iupport  from the two 
HAPEX-Sahel experimental data was us& for the validation. 

9. Dissemination of Results 
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CAPTIONS 

Figure 1: Chart flair of the Geog'aphic Infor~nation System fo: the African 
continent. 

Figure 2: Spatial distribution of' 6-)rr (19S3-88) mean seasonal rainfall derived from 
cold cloud frequenci- in 1' x 1' grid boxes. 

Figure 3: Spatial distTibution of 1 l- j r r  mean annual rzinfall derived from NDVI over 
BOTSWANA. The delineated areas' represent different soil types. For each soil type, 
specific predictive regression was used. 

Figure 4: Time series of estimated monthly rainfall and observed monthly rainfall 
1982-1993 using predictive regression equations specific to each soil type. 

Figure 5: Spatial distribution of 6-JT (1983-88) mean global solar irradiance (\47m-2> 
over the African continent in 1" x 1" grid boxes. 

Figure 6: Spatial distribution of 6-yr (1983-88) surface albedo (%) over the African 
continent in 1" x 1" grid boxes. 

Figure 7: Spatial distribution of 6-yr (1983-88) mean surface net radiation (Wm-2> 
over the African continent in 2.5" x 2.5" grid boxes. 

Figure 8: Spatial distribution of mean annual evapotranspiration computed at the 
surface network stations. 

Figure 9: Spatial distribution of mean annual runoff coanputed 2t the surface 
network stations. 

Figure 10: Spatial distribution of mean annual soil moisture computed a t  the surface 
network stations. 



OVERVIE\$’ OF THE GIS SYSTEM 
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Temporal and Spatial Variability of Surface 
Radiation Budget over the African Continent as 
derived from METEOSAT. Part I: Derivation of 

Global Solar Irradiance and Surface Albedo 
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I ABSTRACT 

In this paper, a physically based model is used to derive global so la r  

irradiance and surface albedo. hETEOSAT B?, data for the period 19  5 3  - 8  8 

were used. A simple linear function involving the cosine of the  Solar 

Zenith Angle (SZA) is shown to adequately correct the directional effects o n  

surface albedo due to seasonal variations of the  SZA. The results show t h a t  

for a known constant-radiance target in the Libyan desert, the c l ea r - sky  

TOA (Top Of Atmosphere) reflectance computed using the ISCCP (Satell i te 

Cloud Climatology Project) calibration varies significantly over time. This  

suggests an error in the ISCCP calibration. Here an adjustment i s  

performed to minimize these errors due to calibration uncertainties using 

this site as a constant-radiance target. This allows the removal of t h e  

I 

I interannual variability in surface albedo due to that of the calibration. The 

results of global solar irradiance and surface albedo are compared w i t h  

those obtained by other algorithms. These comparisons show that o u r  

results agree well with two of these algorithms, namely those using t h e  

ERBE broadband albedo in the short-wave radiation retrieval scheme.  

Some differences were found wi th  two other algorithms that  u s e  

vegetation type dependency to convert from narrowband to broad  band  

albedo.  

1 



1. I n t r o d u c t i o n  

Better scientific understanding and predictive capabilities for c l ima te  

fluctuations depend, in part, upon improvements in the modeling of l a n d  

surface processes. This requires a good knowledge and ex tens ive  

description of surface properties at reasonable time and space scales. 

Among others, the  Surface Radiation Budget (SRB) components a r e  

essential parameters for such a description. For instance, large sca le  

modification of surface albedo can alter the surface energy ba lance  

sufficiently to influence surface temperature. This, in turn, might m o d i f y  

the general atmospheric circulation patterns. In particular, surface a1 bed o 

has been of interest in the African drought problem because of t h e  

hypothesis of Charney (1 975) and others that increased surface a1 bed o 

accompanying drought or human-induced desertification, might exace rba te  

or even trigger drought. 

Satellite data offer a unique opportunity to build t h e  necessa ry  

observational base of SFU3 components. Sumerous attempts at e s t ima t ing  

surface radiative fluxes from satellite data have been made (e.g., Ta rp ley  

1979, Gauthier et al .  19SO. Pinker and Ewing 1985, Raschke et al. 1 9 8 7 ,  

Dedieu et al .  1987a, Darnell et al. 1988, Darnel1 et al .  1992, Gupta 1 9 8 9 ,  

Pinker and Laszlo 1992, Bishop and ROSSOW 1991, Rossow and Zhang 1 9 9 5 ,  

Zhang et al. 1995). Recently, global sets of satellite observations from t h e  

ISCCP (International Satellite Cloud Climatology Project) became avai lable ,  
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allowing implementation of satellite algorithms for the SRB on a global 

scale in the  framework of the World Climate Research P r o g r a m  

(WCRP)/SRB project (WhitIock et al.  1995). 

While these methods give good estimates of global solar i r r a d i a n c e  

with the necessary accuracy needed for climatic purposes, i m p o r t a n t  

efforts still need to be made in order to have representative estimates of 

surface albedos. This is not a trivial task because the  spectral signature of 

land surface reflectivity is governed by soil characteristics, vege ta t ion  

types and morphology (see Dickinson, 1983). Numerous satellite e s t i m a t e s  

of surface albedo over West Africa have been made using quite d i f f e ren t  

methodologies to treat the problems of atmospheric and bi-direct ional  

effects. Most ignore the  latter problem, producing essentially su r face  

reflectances (e.g., Courel et al. 1984, Pinty et a l .  1985, Pinty and Szejwach 

1985, Dedieu et al .  1987b, Pinty and Tanre, 1987, Pinty and R a m o n d  

1987) .  

The determination of daily mean surface albedo by expanding t h e  

Dedieu et al. (19S7a) method is  the  primary objective of the present p a p e r .  

Through a significantly large seasonal variability of surface albedos o v e r  

the Sahara, we will point out the dependence on seasonal variations of t h e  

Solar Zenithal Angle (SZA) and the need to correct these directional effects  

for a proper seasonal variability analysis. Finally, we will compare o u r  

surface global solar irradiance and albedo estimates to four major c u r r e n t  



satellite-based methods in  order to validate our results. I n  a companion  

paper (Ba and Nicholson 1996a), we will use the present results to s t u d y  

the temporal and spatial variability of global solar irradiance and s u r f a c e  

albedo over the  African continent. 

D a t a  a n d  M e t h o d  

2.1 Data 

The data of t h e  International Satellite Cloud Climatology Project  

(ISCCP), named METEOSAT B2, are used. These data have been ob ta ined  

from the European Satellite Operation Center (ESOC). They contain 3 - h ,  8 - 

bit digitized images in three spectral bands: 0.4-1 .pm (visible channel) ,  

10.5-12.5 pm (thermal infrared channel), and 5.7-7.7 pm (water v a p o r  

channel). During the period of study, July 1983 to July 1988, METEOS.AT 

data are available for all months except December 1983 and Ju ly  1987. 

A METEOSATB2 image has 30 km spatial resolution and is o b t a i n e d  

by sampling the  original full resolution image (about 5 km at the Xadi r )  

every six rows and six columns. .411 images are geometrically co r rec t ed  

and navigated to a fixed reference. In the validation analysis, s u r f a c e  

albedo and global solar irradiance products of Pinker and Staylor ( s e e  

Whitlock et al. 1995), Darnell et al. (1992), and Bishop and Rossow ( 1  9 9  1 ) 

are used. These datasets are mapped to the ISCCP equal-area grid w i t h  
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approximate dimensions of 27s k m  x 278 k : n  (2.5 latitude x 2.5' 

longitude). For comparison, the products obtained from h4ETEOSAT w e r e  

degraded from 0.25 x 0.25" to match the 2.5 x 2.5" ISCCP grid boxes. 

2.2 Method 

2.2.1 Global solar i r r a d i a n c e  

We used a physically based model (Dedieu et a!., 1987a) to d e r i v e  

global solar irradiance (G,) at the surface from METEOSAT sa t e l l i t e  

measurements  in the  wavelength between 0.4 and 1.1 pm, using t h e  

formula :  

I in which Eo (given in  Eq. 2) is the clear-sky radiation at time r ,  ps is t h e  

surface bi-directional reflectance, and p(t) is the bi-directional r e f l ec t ance  

of the cloud-surface system at time t .  The time t corresponds to a v i e w i n g  

geometry of the scene defined by the solar zenith angle (eJ). t h e  s o l a r  

azimuth angle (Gs), and the satellite viewing and azimuth angles (6, a n d  

I #v, respectively). To evaluate ps, i! is necessary to determine a c l e a r - s k y  

condition by applying a cloud screen to the  observations. To do this,  w e  

used a composite technique based on both visible and i n f r a r e d  
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measurements to cloud screen the observations. as described in t h e  

section 2.2.3. 

The clear-sky radiation E o  is given by: 

where E is the  solar constant, d the radius vector (the ratio of actual t o  

mean sun-earth distance), and T(8 , )  a clear-sky transmission factor,  

accounting for gaseous absorption, and Raleigh and Mie scattering. Recent  

satellite measurements  show that E is about 1363-1372 Wm-2 

(Ramanathan et al .  1989). A value of 1372 Wm-2 is used for the p r e s e n t  

s tudy .  

The absorption due to atmospheric water vapor and ozone has b e e n  

computed using t h e  Lacis and Hansen (1974) formulae. These require a n  

estimation of the total water vapor and ozone atmospheric conten ts .  

Climatologies of vertically integrated water vapor content (Tuller, 1 9 6 8 )  

and vertically integrated ozone content (London et al., 1976) for ten degree 

latitudinal zones for each month of the year were used in  t h e  p r e s e n t  

study. The absorption due to oxygen and carbon dioxide has been  

calculated using the  Yamamoto (1 962) formulae. These were expressed a s  

functions of the nominal surface air pressure (in atmospheres). W e  

considered here a constant pressure of 1013 m b  (1 atm). The term of t h e  

transmission representing atmospheric backscattering has b e e n  
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approximated u s i n g  t h e  Darnel l  e;  af. (198s) equation. The a t t e n u a t i o n  

factor for aerosols has been approximated using rhe formula of Darnell e t  

al. (1992). This attenuation, determined by a residual technique (Darnel l  

et al. 19SS), is  expressed as a linear function of the water vapor content. 

In the parameterization of GJ, for  a cloudy atmosphere,  we c o n s i d e r  

cloud and molecular scattering and gaseous absorption as in the clear s k y  

case, but no  absorption by clouds. W e  also assume that the cloud layer and 

the surface behave as perfect lambertian reflectors. M ol ecu 1 a r  

t r ansmiss ion  u n d e r  c loudy  condi t ions is a s sumed  to be  a b o u t  t h e  s a m e  a s  

under clear sky conditions. This is justified because most of the ozone i s  

above the cloud top and the saturation of water vapor bands makes i t s  

absorption weakly sensitive to the increasing optical path due to t h e  

presence of clouds (Davies et af., 1984). 

By  integrating Eq. 1 between sunrise and sunset, we obtain the d a i l y  

global solar irradiance. Eq. 1 becomes: 

1 - p ( t )  

. -  1 -  P s  
Gs= €0 

1=f 

where N is the  number of total observations. Gs is estimated only w h e n  

there are at least two observations available in  the day. Eo is e v a l u a t e d  

over a time interval surrounding each observation and multiplied by t h e  

to account for cloud attenuation. The daily global s o l a r  
1 - P W  
I-P, 

term 
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irradiance is then obtained by summing t h e  values for each obse rva t ion  

time during the  day. To obtain Gs, we first eyaluate the b i -d i rec t iona l  

reflectances p s  and p(t). 

2.2.2 Surface albedo 

The bi-directional reflectance is defined as the ratio of s u r f a c e  

reflected solar energy in  a given direction to the incoming solar i r rad iance .  

This quantity is  dependent upon the Bi-directional Reflectance Distr ibut ion 

Function (BRDF) of the surface and is defined as: 

where Lr(Bs,#s;Ov,dv) represents the luminance reflected in the d i rec t ion  

(Ov,@v) and Li(Os,Qs) represents the incident luminance within the sol id  

angle dos .  It is very difficult to evaluate the BRDF. In practice, the  Bi -  

directional Reflectance Factor (BRF) is used instead. The BRF is defined a s  

the ratio of the actual flux reflected by the surface in the direction (Ov:@v), 

dFr ,  to the flux that would be reflected by an ideal lambertian sur face ,  

d F r  , i deal 
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Assuming that os is a n  infinitesin131 quantity, one can establish t he  

follow in g equation : 

~ 

p f ~ s l h ; ~ v l Q v )  = q f M s d s ; b 4 v )  ( 6 )  

For a radiometer onboard the satellite sensing the energy re f lec ted  

by the surface in the direction ( 8 ~ , 4 ~ ) ,  the Top Of Atmosphere (TOA) BRFis  

given by: 

where Eo and d were given in the previous section. The surface BRF 

~ (ps(Os,$s;8vlqjv)) is  then computed by applying atmospheric corrections t o  

I the  TOA BRF (p(8s,@s;8v,$v)). The following equation is inverted f o r  

p d  0s 14s; 8v t $VI:  

where tg  is the total gaseous absorption, p ~ ( 8 s , @ s ; 8 v , @ v )  is the a t m o s p h e r e  

B E ,  T is the total-scattering transmission on double path, and S is the  

single-scattering albedo of the  atmosphere. All terms of Eq. 8 a r e  

integrated over METEOSAT sensor spectral bands and normalized by t h e  

integration of the sensor spectral response over t h e  range of the d e t e c t o r  

(0.4-1.1 pm). The corrections of gaseous absorption, and those account ing 

I 

I for aerosol effects, are based on analytical functions (the Simplif ied 
I 
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Method for Atmospheric Corrections (SMAC), R a h m a n  and Dedieu ( 1 9 9 4 )  

and are derived from 5s code (Tanri et al . ,  1990). Aerosol optical d e p t h  

has been set to a constant of 0.23 a t  550 nm (23 k m  of horizontal  

visibility). 

The surface albedo ( A s )  can be obtained by integrating Eq. 8: 

This quantity, used in the surface energy budget, is the ratio i n  percent of 

the total solar energy reflected by the surface to the total incoming s o l a r  

irradiance. It is not an easy task to evaluate this  quantity using t h e  

present satellite sensors which generally view the Earth in only o n e  

direction at time. Since our interest in t h e  present study is limited to t h e  

daily value of the surface albedo ( A s  ), we can rearrange Eq. 3 to get a n  

estimate of A s  : 

where Gs is the daily estimate of the global solar irradiance as given in Eq. 

3 .  
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2.2.3 Cloud a n d  l a r g e  opt ical  d e p t h  screening  p rocedures  

I n  Eq. 1, surface bi-directional reflectance must be known. This i s  

not trivial because it is not always easy to distinguish between clear a n d  

cloudy conditions. Moreover, large optical depth must be eliminated w h e n  

computing the surface bi-directional reflectance. Therefore, a good cloud 

screening technique would be one that not only eliminates the cloudy 

conditions but also the hazy ones and cloud shadows. I n  this study, w e  

used a composite method (Arino et a!., 199 ) which combines both t h e  

visible and IR measurements. 

Using a minimum visible measurement over a period of time one c a n  

eliminate the cloudy conditions because the clouds are generally m o r e  

reflective than the underlying surface. However, this approach tends t o  

favor some particular atmospheric conditions. This can result in a n  

underestimation of the  surface reflectance over bright regions due to t h e  

presence of absorbing aerosols (Legrand et al., 1985, 1988). La rge  

atmospheric aerosol loading strongly reduces the signal received by t h e 

satellite. On the other hand, the use of maximum IR m e a s u r e m e n t s  

efficiently eliminates high optical depth observations, but may fail t o  

discriminate the presence of low clouds with high temperature,  as t h e s e  

are usually present over tropical forests and highlands. 

In this study, a combination of both IR and visible methods over a 

monthly period has been used to optimize the cloud-screening p rocedures  
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i n  order to address the main problems encountered: large opticzl depth i n  

the case of the visible method and low clouds in rhe case of the IR m e t h o d .  

We used a maximum IR measurement over a ten-day period w i t h i n  the  

month to select three days during the month. Then we used the v is ib le  

criteria to select the minimum value out of the three days selected to  

choose the day when the measurement would be taken as the l e a s t  

affected by atmospheric conditions. 

While visually examining some of the composite images obtained b y  

the above procedure, w e  noticed that the technique sometimes failed t o  

eliminate all low clouds. Therefore, we used a threshold of 0.15, defined as 

the high limit of spatial variability of surface reflectance for a g iven  

month. This threshold is defined as the  ratio (ro) of the standard d e v i a t i o n  

to the mean computed from nine pixels encompassing a given pixel. This  

threshold is empirically set after examining most of the possible values of 

the ratio, ro, corresponding to clear sky conditions over the entire image .  

Whenever this ratio is greater than the  threshold, the  day corresponding to 

the minimum visible value selected over the entire month is then chosen  

as the month's surface measurement. 
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2.2.4 C a l i b r a t i o n  

Satellite measurements are generally digitized in  6-bir or 

counts. The luminance ( L r )  detected by the satellite is generally a 

function of the numerical count and is calculated by: 

Lr = 4 C N  - CNo) 

8 - b i t  

i n e a r  

(11 )  

where CN represents the satellite numerical count, CNo the space coun t ,  

and a a calibration factor of the sensor ( a  = 0.58 Wm-2sr- lcount -1  for 8 - b i t  

counts for METEOSAT 2). However, this calibration factor changes o v e r  

time due  to the aging process of the electronic device. Consequently, t h e  

monitoring of the time stability of the detected signal as obtained in Eq. 1 1 

is necessary. 

~ 

For this study, we used calibration coefficients obtained for the  ISCCP 

data set (Brest and Rossow, 1992, Desormeaux et ai. 1993) to adjust t h e  

luminance obtained. in Eq. 11. These coefficients were obtained by t h e  

comparison of the geostationary satellite measurements to those of t h e  

NOAAIAVHRR. 

The calibration procedure is done by two steps (see Desormeaux e t  

al., 1993). The first step is to normalize the geostationary radiances (i.e. 

METEOSAT) by those sensed by the current NOAA/AVHRR at the s a m e  

time and location with the same viewing geometry. The second step of t h e  

procedure is to examine the time history of the distribution of radiances i n  

1 3  1 .  



each image of the series to detect sudden, systematic changes that exceed 

some minimum magnitude. Small adjustments are performed if  necessa ry  

to remove these changes. These calibration factors are used to alter t h e  

luminance ( L r )  values by: 

L*rn = A (L*r) + B ( 1 2 )  

where L*rn is the normalized METEOSAT values of scaled radiance w i t h  

respect to the current AVHRR measurement (see Rossow et al .  1992). L', is  

scaled radiance and is defined as: 

where Eo/x is the effective "solar constant" of the instrument in Wm-2sr-1.  

We examined the performance of these calibrations for the s a m e  

month from one year to an other over a test site in the Libyan desert (24'- 

22 '0 h,  T 12'-13'E), the TCnCrC desert (17.5-18.5ON, 10.5-11.5'E), and i n  

eastern Mauritania (19.5-20.5"1\17, 9.5-10.5"W). The site in Libya w a s  

chosen because it presents a good spatial uniformity, a high reflectance > 

0.40 which allows the  minimization of the atmospheric contribution to t h e  

signal, a temporal stability, and a low cloud coverage frequency (see Ar ino  

et al. 1991). The two other desert sites were chosen to validate t h e  

calibration adjustment made using t h e  Libyan site. 
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I f  the calibrations were correct, we iiiould expect t h a t  there would b e  

little interannual \variability in  the TOA reflectances for a region o f  

constant surface characteristics such as the test site in the Libyan d e s e r t .  

An analysis of reflectances shows otherwise and a comparison ulith digi ta l  

counts and calibration coefficients suggests a problem with calibrations. 

Time series of clear-sky digital visible counts corresponding to  

l lH30 TU observations is shown in Fig. la..  Most evident is the m o n t h - t o -  

month variability, a manifestation of the  changing conditions of r ad ia t ion  

I 

, during the  course of the year. However, there is also a significant i n c r e a s e  
, in the visible signal after May 1987. In general, the signal presents s m a l l  

variations for the other years. These small variations may be c a u s e d  

mostly by atmospheric constituents. The big increase in the signal f r o m  

June 1987 to July 1988 is a consequence of a gain change in the v is ib le  

channel of METEOSAT 2 (see Rossow et al .  1992) 

I 

Time series of slope values of the  ISCCP calibration are gene ra l ly  

I consistent with those of clear-sky data (Fig. l b ) .  One should expect t h a t  

t he  decrease in the  satellite signal usill correspond to an increase i n  t h e  

slope, indicating that  t h e  instrument is degrading. This is the case f o r  

January 1985. However, the big increase in  the slope for February 1 9 8 5  

was not followed by a decrease in  the satellite signal, indicating that t h e  

calibration may be  incorrect. 
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The changing response of the satellite sensor to a cons t an t - r ad iance  

target due to the aging process is generally negative. A signal increasing in  

time does not usually occur unless there are onboard t e m p e r a t u r e  

variations or gain changes from ground controllers. There is a gain change  

in the visible channel in May 1987 that explains the big increases in  all  

counts from June 1987 to July 1988. This is also consistent with t h e  

decrease in  slope values of the ISCCP calibration and i n  those obtained b y  

Moulin et ~ l .  1993. The ISCCP slopes decrease from a value of 1.194 i n  

April 1987 to 1.002 in May 1987. 

Figure IC  indicates TOA reflectances computed without ISCCP 

calibration. The fluctuations i n  time series of TOA reflectances are q u i t e  

similar to those corresponding to clear-sky digital counts (Fig. la ) .  This  

tends to confirm the  temporal stability of the site. 

When we applied the monthly calibration obtained from ISCCP, 

significant fluctuations in TOA reflectances appear, particularly f o r  

February 1985 and May 1987. These fluctuations are similar to those of  

the time series of ISCCP monthly calibration factors. For instance, the TOA 

reflectances for 1988 are generally much lower than for other years. W e  

also notice the drop in TOA reflectance for May 1987. These la rge  

variations of TOA albedo for a certain number of months are not due t o  

underlying surface property changes but to uncertainties of the calibration. 

The ISCCP calibration procedure assumed all thick clouds with optical  
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depths 2 0.80 as a constant-radiance target. This is not always t r u e  

because the viewing geometry and cloud spectral proprieties may b e  

different from one year to another. This may be the cause of the year t o  

year fluctuations in calibrated TOA reflectances. 

To make observations comparable from one year to another, t h e  

calibration factor must adequately compensate for all changes in t h e  

detected signal due to the degradation of the  sensor. We  computed a n  

adjustment  factor ( E )  to correct TOA reflectances ( p a )  corresponding to  

months having p a  values that depart significantly from its monthly m e a n .  

The adjustment factor is defined as the  normalized departure from t h e  

monthly mean: 

P a  - P-a 

Pa 
E =  

where P a  is the TOA reflectance computed using ISCCP calibration and pa 

is the monthly mean reflectance computed the same way. 

factors (see Table 1 )  are  determined over the Libyan site. 

The a d j u s t m e n t  

The TOA reflectance (p,)  computed using ISCCP calibration i s  

modified as: 

Pacorr = Pa + €Pa 

Figure 2 s h o w  time series of TOP, reflectance corresponding to two o t h e r  

desert sites before and after applying Eq. 14. On the left-hand side a r e  

( 1 4 )  
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shown time series of reflectance using he unadjusted ISCCP calibration. 

On the right-hand side are shown 1 me series of reflectance a f t e r  

adjustments were made using Eq. 14. As can be seen, the l a r g e  

fluctuations due  to calibration errors are significantly reduced. In t h e  

present study, all TOA reflectances computed using ISCCP calibration a r e  

modified according to Eq. 14. The accuracy of these adjustments f o r  

precise intercomparisons may be questioned, but the computed su r face  

albedo values over t h e  Sahara show very little interannual variability ( s e e  

the companion paper by Ba and Nicholson 1996a). 

3. Correc t ion  of t he  SZA effects on est imated surface albedo 

As indicated in section 2.2, the retrieval of surface reflectance w a s  

obtained by removing atmospheric effects from the TOA reflectances us ing  

the SMAC code (Rahman and Dedieu, 1994). However, this code assumes a 

lambertian surface, while a number of studies (Kriebel 1978, Kimes 1 9 83 ,  

Deering 1989, Gutman 1992, Ba et  al. 1995) h a v e  demonstrated a n g u l a r  

variation effects on surface reflectance. Computations with rad a t i v e  

transfer codes that account for these effects exist but are compl  ca ted  

because the BDRF of the surface is unknown in most cases. Recently Ba e l  

a l .  (1996b) have shown that a simple bi-directional function can be used t o  

correct NOAA/AVHRR surface reflectance computed from 5s code. 
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Since METEOSAT viewing geometry is fixed for a given location a n d  

the solar azimuth is highly correlated with S2.4, the directional function i n  

such geometry can be expressed only i n  S Z A  terms. Fig. 3a illustrates t h e  

S Z A  dependence of surface albedos. More than 50% of the variance i n  

surface albedo is explained by a simple linear function of sec (Bs )  in regions 

located north of 15"N in central Africa and the Congo basin. This shows 

that directional effects due to changing solar geometry are not negligible 

and must be removed to study the seasonal variability of surface a lbedo  

proper ly .  

W e  used a similar equation in Ba et al.  (1996b) in which the  su r face  

albedo is expressed as a product of an isotropic component of the a lbedo  

and a temporal and directional function. For this study, we did not include 

the temporal component of the reflectance because this would require a 

large number of observations to retrieve constants involved in t h e  

temporal function. The  following equation is  used to derive t h e  constant of 

the directional function Gi(Bsi):  

Asi  = Asoi i- bisec(8si) = AsOi Gi(Bsi) ( 1 5 )  

where Gi(8si) = ( I  + bilAsojsec(B3i))  represents the surface direct ional  

function, A J O ~  is the isotropic component of the surface albedo, and i is t h e  

pixel number in the METEOSAT image. A daily mean of cos(8Si) was  

computed for the 15th of each month to represent the monthly mean. For 
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each pixel in the hlETEOSAT imags, the monthly mean of the  s u r f a c e  

albedo obtained for the period 1983-88 was used to compute values of t h e  

constants Asoi and bi. 

Shaded areas in Fig. 3b  represent regions where the determination of 

the parameters A s o  and b ,  using Eq. 15, are statistically significant at t h e  

99% confidence level. The correction of the surface albedos for direct ional  

effects is only performed in these areas. Elsewhere, the level of statist ical  

significance is not satisfactory for a determination of the parameters A s 0  

and b. However, the variance in surface albedo explained by the SZA i n  

these areas is not significant, indicating that  other factors contribute m o r e  

to seasonal variations of surface albedo. 

4. Sens i t iv i ty  t e s t s  a n d  Val idat ion 

4.1 Sens i t i v i ty  tes t s  

Arino et al. (1992) conducted an extensive study on the accuracy of 

surface reflectance determinations made from METEOSAT. Their e r r o r  

analysis has identified three main problems: calibration unce r t a in ty ,  

atmospheric corrections and spectral and directional effects of the sur face .  

Their study concluded that calibration accuracy is within lo%, ivhich can  

cause a relative uncertainty in the surface reflectance of 10%. Spec t ra l  

effects can account for a maximum bias of 0.01 for a vegetated sur face ,  
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and directional effects can lead to ;i bias of 0.035 between t w o  

determinations of surface reflectance made from two d i f f e ren t  

observations taken at different times. These occur at the same view ang le  

over savannas. The maximum error due to the atmosphere is estimated t o  

be on the order of 0.03 in reflectance on the order of 0.40 and 0.01 for a 

surface reflectance of 0.10. 

T h e  sensitivity of the model to input data was tested, specifically 

water vapor and the  aerosol optical path. This determines how m u c h  

uncertainty may be caused in t h e  calculated parameters by u n c e r t a i n  t i es  

in these input parameters. Three different sites were selected to conduc t  

these tests: the first site is located in  the Libyan Desert (24.5"N and 12.5"E) 

with a high surface albedo ( A s  = 0.50), the second site is located i n  

northern Burkina Faso (Dori: 14.05"N and 0") with a surface albedo a r o u n d  

0.3, and the third site is located in southern Burkina Faso (Fada Ngourma 

12.06"N and 0.4"E) with 0.20 as the surface a 

solar irradiance and surface albedo values 

these three sites for January and July 1986 

bedo. Monthly surface global 

were computed for each of 

The climatological value of 

water vapor and a standard value of 0.23 (at 550 nm) of aerosol optical  

thickness were varied by 2 25%. A large optical thickness observed a t  

Niamey during January 1986 and 19S7 (Mohamed e t  al. ,  1992) is a lso 

used. W e  recall here that the aerosol optical thickness of 0.23 is used only  

~ 

to correct the TOA reflectance measured by METEOSAT (see section 2). 
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Table 2 summarizes all sensiri\*ity test results. The numbers i n  t he  

table represent the difference i n  the results obtained by increasing and b y  

decreasing input data by 25%. 

When water vapor is varied over this range, the global solar 

irradiance changes by 15-27 W m - 2 .  This corresponds to less than 10% of 

the value computed with a climatological value.  The largest d i f fe rences  

between January and July 1986 are observed over the Libyan site ( 1 2  

W m - 2 )  while the differences between these two months over the Burkina 

Faso sites are only 5 W m - 2 .  The differences in  surface albedo are 0.01 

(Fada Ngourma) and 0.02 for the  Dori and Libyan sites. These changes  

represent 5, 7 and 4%, respectively, of t h e  value computed with a 

climatological value of water vapor. 

When the optical thickness (Ta = 0.33) is varied by =35%,  t h e  sur face  

global solar irradiance remains nearly constant. However, when a much 

greater value of ya = 0.8 is used, the differences become significant du r ing  

July over Burkina Faso. We expected tha t  increasing Ta would a f fec t  

January values more than Ju ly  values because of the larger optical path.  

This is  the case over the LibIvan site but t h e  opposite is obtained o v e r  

Burkina Faso. This apparent contradiction is due to the fact that t h e  

algorithm performs the same correction for aerosols whether in clear o r  

cloudy conditions. However, above high reflective clouds (Le., convec t ive  
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clouds), there is a lower concentration of aerosols. Consequently, when a 

high value of r a  is used in  the presence of s u c h  clouds, the algorithm w i l l  

underestimate the global solar irradiance because of a significant i n c r e a s e  

in the cloud a bedo. This is the case for J u l y  over Burkina Faso, a r eg ion  

affected by the increasing convective clouds associated with the I n t e r  - 

Tropical Convergence Zone (ITCZ). 

In the case of surface albedo, the  results of varying r a  by 2 2 5 %  a r e  

about t h e  same as wi th  water vapor. When using a much higher value of 

T a ,  the  differences are very large when surface albedos are high (i.e., in a 

desert). This indicates that the analytical functions used to perform t h e s e  

corrections are not valid for such high values of aerosol optical t h i c k n e s s  

over high reflective surfaces. The value of Ta = 0.8 ( 5  km of hor izonta l  

visibility) corresponds to the limit of t h e  validity of the aerosol m o d e l  

(Tanre et al. 1990). However, the cloud filtering procedure we applied a l so  

tends to select days with the lowest aerosol burden (Arino et al. 1 9 9 1 ) .  

The uncertainties presented i n  table 1 for surface albedo retrieval a r e  

probably maximum values.  

4.2 V a l i d a t i o n  

In the validation procedure, we did not use surface m e a s u r e m e n t s .  

Surface data can be found, but a World Climate Research Program (WCW) 
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committee considered that most surface radiation measurements o v e r  

Africa are not reliable (Charlock 1995, personal communication). For th i s  

reason, validation will be based on a comparison w i t h  other s a t e l l i t e  

es t imates .  

Four satellite algorithms were compared to the results obtained i n  

the present study: Pinker and Staylor (see Whitlock et  ai. 1995), Darnel1 e t  

al., 1992 (hereafter Darnell), and Bishop and Rossow, 1991 ( h e r e a f t e r  

Bishop). All these methods are based on radiative transfer models and u s e  

ISCCP satellite data as input. These are mapped to t h e  ISCCP e q u a l - a r e a  

grid wirh approximate dimensions of 278 x 278 k m 2  (2.5 latitude x 2.5" 

longitude) (Whitlock er al., 1995). All four algorithms were va l ida t ed  

against measurements  of global s01a.r irradiance. For the purpose of t h e  

comparison, the products obtained i n  this paper were degraded from 0.25 

x 0.25" to the  2.5 x 2.5" ISCCP grid boxes. A comparison between o u r  

estimates and the four other techniques are made using data estimated a t  

every grid box over the African conrinent. Coastal area pixels were n o t  

considered in the comparison because our  estimates were made only o v e r  

land. In  the comparison, we used data for January 1986-88 and Ju ly  

1985-86 because data from Staylor and Pinker \{.ere only available f o r  

these years. 

Table 3 shows comparison s ta is t ics  between surface global s o l a r  

irradiance and albedo estimates of t h s e  different satellite algorithms f o r  
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January 19S6-SS and Ju ly  1985-86, respectively. Both the Darnell a n  d 

Staylor models are a modified version of sn  earlier algorithm by Darncll e t  

al .  1988. This explains why there is a \*cry good agreement between t h e  

two model results. 

There is a rather good agreement between our estimates and those of 

both Darnell and Staylor for both January and July (see Fig. 4a,b, Fig. 5a ,b ,  

and also Table 3a,b). The biases are less than 5 W m - 2  and a RMSE less 1 8 

W m - 2  for global solar irradiance. For surface albedo, the  biases a r e  

between -0.01 and 0.01 and a RMSE less 0.05. 

Biases are significant with Bishop's global solar irradiance e s t i m a t e s  

(Table 3a). Bishop's estimates are systematically biased high by 1 7  - 1 9 

W r n - 2  for both January and July with a kMSE less t h a n  18 W m - 2 .  The  

same is also observed (Table 3a) in the comparison of both of the Staylor  

and Darnell estimates with those of Bishop. 

In January, our estimates of global solar irradiance are low f o r  

vegetated regions and h igh  for arid and semi-arid regions in compar i son  

with Pinker's values. The differences between vegetated regions and a r i d  

regions (not shown here) are also apparent between both the Darnell a n d  

Staylor estimates and those, of Pinker. 

Figure 5 represents  2 comparison between our surface albedo a n d  

those of Staylor (a,b), Darnell (c,d), Bishop (e,f), and Pinker (g,h) f o r  

I 
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January (left-hand side) 2nd J u l y  (righr-hand side). There is very good 

agreement between our estimates and those of both Staylor and Darnell for 

both January and July. For these comparisons, the scatterplot is n e a r l y  

centered around the 45" line. By contrast, there is little correlat  on 

between the Pinker estimates and ours for surface albedo higher than 0 2 0  

for January (Fig. 5g). The same is observed between Pinker's e s t i m a t e s  

and those of both Darnell and Staylor (Table 3b). The sca t t e rp lo t  

corresponding to July gives much better correlation but still P inker ' s  

values are much lower for values over 0.20 (Fig. 5h). 

Bishop's values represent spectral surface albedos (0.6 pm). T h e s e  

are linearly well correlated (the coefficient of correlation is 0.97 for b o t h  

January and July) with LETEOSAT spectral surface albedos (0.4-1.1 p m )  

and the broadband albedos of both Staylor and Darnell (Table 3b). T h e s e  

results are in good agreement with those obtained by Arino et al.  ( 1  9 9 2 )  

between hETEOSAT broadband reflectances and narrowband v is ib le  

reflectances of NOAA/AVHRR. 

The reasons for differences between the Pinker and Bishop global  

solar irradiance estimates on the one hand, and ours and those of b o t h  

Darnell and Staylor on the other hand, are not established. However, w e  

believe that some differences may be due to the differences in s u r f a c e  

albedo used as input for the  global solar irradiance calculation. Both  
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Darnel1 and Staylor's albedos are based on a n g u l a r l y  corrected, b r o a d b a n d  

EWE clear-sky satellite data. These are more comparable w i t h  those w e 

obtained from the visible channel of 1lETEOS.AT. 

By contrast, Pinker's radiative transfer model uses the spec t r a l  

dependence of surface reflectance in the target grid using the vege ta t ion  

map of Matthews (1983). A transformation of t h e  narrowband t o  

broadband and anisotropic correction were then applied accordingly.  

Similarly, Bishop's transfer model used the area-weighted average of 

spectral ratios for eight vegetation types ( w i t h  seasonal adjustments), 1 a n d  

ice, sea ice and fresh snow. Over the -4frican continent, they  used a surface 

reflectance corresponding to the ISCCP surface visible (0.6 pm) ref1 ec tance ,  

which is an area-averaged value. They then derived the n e a r - i n f r a r e d  

reflectance from the visible reflectance. 

5. Summary  

To understand and forecast the interannual climate variability in  k e y  

climatic parameters  (e.g. SRB components), i t  is necessary to have s o m e  

understanding of the global distributions of these parameters.  Phys ica l  

models, coupled with satellite observations, are now well developed i n  

most cases to retrieve such climatic parameters  w i t h  an accuracy s u i t a b l e  

for General Circulation Models (GChl) .  
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The objectiiie of t h i s  p:ipcr \+’;is Inafold: 1 )  to exp:ind rhe theore t ica l -  

broadband model of Dedizu C I  ai. (39813) i n  order to deri\.e estim3res of 

surface albedo on the continental scale and 3 )  to perform a n  

intercomparison with four  major current satellite radiation codes. 

The results have demonstrated tha t  using thick clouds as a c o n s t a n t -  

radiation target failed sometimes to adequately compensate all changes  

due to the sensor degradation. Calibration errors introduce l a r g e  

interannual variability of TOA reflectance over a known stable s u r f a c e  

such as the Libyan desert. For the monrhs that  this happened, a correct ion 

factor, computed from a normalized departure from t h e  monthly m e a n  

over the  Libyan site, was used to adjust the value of TOA reflectance. Th i s  

allowed for the removal of the interannual variability in  surface a1 b e d o  

over desert regions due to t h a t  of the calibration. Although direct ional  

effects due to the SZA were minimized. our values of albedo may still n o t  

be true surface albedos because t h e y  arc based on only one viewing angle. 

The parameterization used to corrtct aerosol effects i s  not valid for a 

very turbid atmosphere (horizontai \ isibility iittle rhan five km). T h i s  

poses problems because such high concentrations of aerosols are o f t e n  

observed i n  the Sahelian region of 

scale, the cloud filtering procedure 

tends to also select days with the 

West Africa. However, on the m o n t h l y  

uscd to obtain clear-sky obser \ ra t ions 

ow’esr aerosol burden. 
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In  our scheme, [toe also considsred all clouds as a n o n - a b s o r b e n t  

medium. This may be [ r u e  to a first approsirnation and may explain \{thy 

our results compared Maell with those obtained from models accounting f o r  

cloud absorption. This indicates that uncertainties d u e  to this a s s u m p t i o n  

are less important to those due to aerosol and bi-directional effects. 

The sensitivity tests of the  model have shown that a variation of 50% 

in the water vapor amount induced a change of up to 27 W m - 2  of t h e  

global solar radiation. A n  error of this magnitude could be of concern f o r  

climate studies and other studies requiring accurate characterization of 

surface radiation balance. 

All the problems mentioned abo1.e \\Till be, to some extent, a d d r e s s e d  

when the Earth Observing System @OS) era satellite observations ( s e e  

Wielicki et al.  1995) opzrate. EOS will make a great advance in our ab i l i t y  

to more precisely observe key variables for estimating surface and TOA 

radiative fluxes. The -Mulriangle Imasing Spectroradiometer (MISR) a n  d 

the Polarization and Directionality of thp_ Earth Reflectance (POLDER) 

onboard ADEOS will also view the same surface target under s e v e r a l  

angles, allowing for better determination of t h e  bi-directional functions. 
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Table 1: Adjustment factors ( E )  dsfined as a normalized departure f r o m  

TOA monthly mean reflectance computed using the Libyan desert 3 s  

0 

l a constant-radiance target. E = 0 means no adjustment was made f o r  

* 

that month. Stars indicate no  METEOSAT data were available for t h a t  

0 

0 

I m o n t h .  

* 0 

O I  0 1 0  I 

JAN 

FEB 

MAR 

APR 

MAY 

JUL 

AUG 

SEP 

NOV 

1 9 8 3  I l g g 4  

l o  * 

* 0 

-0.087 I -0.063 

-0 .1  19  

1 9 8 5  I 1 9 8 6  I 1 9 8 7  I 1 9 8 8  

0 0 ~i 0 

-0.106 0 0 0 . 0 6 2  

0.044 

0.076 

0 o i 0 . 1 4 5  0 .075  

I 0 . 0 8 j  
* 

O I 0 /  
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Table 2: Monthly mean absolute changes  at three different locations i n  

short-wave fluxes ( W m - 2 )  and surface albedos produced by altering t h e  

climatological values of the water vapor amount (WV)  and the s t a n d a r d  

aerosol optical path (?a = 0.23) by indicated amounts. All tests w e r e  

performed for January and July 1936. 

J anua ry  J u l y  

(WV+25 %)-(WV -25%) 

(Ta +25%)- (~a  - 25%) 

( ~ a  = 0.8 )-(Ta = 0.23) 

I Dori :  B u r k i n a  Faso  (14.05"K-0) 

ASW (Wm-2) AAs ASW ( ~ m - 2 )  AAs 

- 1 5  0.02. - 2 7  0.02 

- 3  0 . 0 2  - 1  0.02 

- 1 0  0.14 -4 0.09 

( w v + 2 5  %)-( wv -25 %) 

(.sa +25%)-(~a  - 25%) 

( ~ a  = 0.8 )-(Ta = 0.23) 

I Fada Ngourma:  Burk ina  Faso(12.06"N-0.4"E) 

ASW (wm-2)  1 A A ~  ASW (Wm-2) A A S  

-20 I 0.02. - 2 5  0 . 0 2  

0 1 0.06 - 1 7  0.03 

0 0.0 1 - 3  0 

(WV+25%)-(WV -25%) 

(Ta -t 25%)-(5a +-25%) 

(Ta = 0.8 )-(xa = 0.23) 

3 8  

A W  (Wm-2) AAs ASW (Wm-2) A A s  

- 2 0  I 0.01 -24 0.01 

- 1  0.0 1 - 3  0 

- 2  0 . 0 2  - 2 1  0.02 



Table 3a: Comparison srarisrics between iive ( 5 )  different satellite b a s e d  

a1 sori th m s : S ur f ac e d ow n v.~ 3rd f 1 u xes . 

J u l y  85-86 

NBP = 546 

J a n u a r y  S6-SS  

NBP = S19 

Coef. of 

Con.  (R)  

BIAS BIAS RMSE 

( m - 2) 

Coef. of 

Con. (R) ( W m - 2 )  ( w rn - ’ ) 
rhis study vs.  

Darnel1 

S tay lo r  

P i n k e r  

Bishop 

0.96 

0.97 

0 .90  

0.9’7 

1 7  

1 6  

2 6  

14 

4 0.94 

0 .93  

0.88 

0 . 9 2  

1 4  

1 5  

2 0  

1 7  

4 

2 

4 

- 1 7  

3 

6 

- 1 9  

4 

1 6  

1 0  

Darnell vs. 

S t ay lo r  

Pinker  

Bishop 

0 .99  

0.96 

0 . 9 s  

3 

1 2  

8 

1 

- 2  

0 .99 2 

0.95  - 1  

-22 0.97 - 2 3  
~ 

3 

- 2 2  

Staylor LIS. 

P i n k e r  

Bishop 

0 .96  

0 .98  

3 
.d 0.94  

0 . 9 s  

1 5  

8 

1 1  

S -20 

Pinker I’ s . 

Bishop - 2 5  0 .95  1 6  -22 0.95 1 4  

3 9  



Table 3b: Comparison statisrics between fi\,e ( 5 )  different satellite b a s e d  

algorithms: Surface albedos. 

J u l y  85-86 January 8 6 - 8 8 

NBP = 819 NBP = 546 

Coef. of 

Corr. (R) 

Coef. of 

Corr. (R) 

Rh4SE 

rhis  study vs.  

Darn el 1 

S tay lor  

P i n k e r  

Bishop 

0 .94  

0 .94  

0 . 7 3  

0 . 9 7  

0 04 0.01 0.95 

0.95 

0 .89  

0.97 

0.03 

0.04 

0.05  

0 . 0 3  

0.02. 

0.05 

0.04 

0 

-0.01 

0.01 

0.11 

0 

0 . 0 2  

0.1 1 

0.04  

0 .08  

0.03 

0.01 

0.05 

0.13 

Darnel1 vs. 

S tay lor  

P i n k e r  

Bishop 

0 

0.07 

0 .04  

0 

0.05 

0.12 

0.99 

0.90 

0 .95  

1 

0 .79  

0 . 9 4  

S taylor vs. 

P i n k e r  

Bishop 

0 .78  

0 . 9 4  

0.07 

0.03 

0.05 

0 .13  

0.91 

0 . 9 5  

0.04 

0 .04  

0.02 

0.12 

Pinker vs .  

Bishop 0 .75  0.07 0.08  0.9 1 0.05 0.09 

4 0  



CAPTIONS 

Figure 1:  Time monitoring of the METEOSAT 2 \sisible channel and ISCCP 

calibration coefficients (,4): (a )  time series of clear-sky digiial counts o v e r  

the Libyan desert, (b) the ISCCP calibration coefficient (A), (c) TOA 

reflectances computed without ISCCP calibration, and (d) TOA re f l ec t ances  

computed with ISCCP calibration applied. 

Figure 2: Time series of TOA reflectances over the TCnCrC desert (Top), 

over northeast of Mauritania (Bottom). On the  left-hand side are 

reflectances computed using ISCCP calibration coefficients; on the r 

a n d  

TOA 

g h t -  

hand side are adjusted TOA reflectances using a normalized d e p a r t u r e  

from monthly mean computed over the Libyan desert. 

Figure 3: Spatial distribution of statistics between computed s u r f a c e  

albedos and sec(8s): (a) explained variances (YG), (b) statistic significance a t  

the 99% confidence level (shaded areas). 

Figure 4: Comparison of the present study surface downward e s t i m a t e s  

and those of (a,b) Darnell, (c,d) Staylor, (e.f) Bishop, and (g,h) Pinker d u r i n g  

January 1986-38 (left) and July 1985-88 (right). 

4 1  



bAgure 5:  Comparison o the present study surface a lbedo  estimates a n d  

those of (a,b) Darnell, (c,d) Staylor. (e,f) Bishop, a n d  (g,h) Pinker d u r i n g  

January 19S6-SS (left) and J u l y  19S5-SS (r ight) .  
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I 
I A b s t r a c t  

The temporal and spatial  \variability of ihe Surface Radiation Budget  

(SRB) over the African continent has been studied using hETEOSAT d a t a  

for the  period 1983-88. Continental maps of land-surface albedo, global 

solar irradiance and surface net radiation for the midseasonal months of 

January, April, July and October a re  presented. 

The results show that, exczpt  for the Sahzl, the continental pattern of 

surface albedo does not  exhibi t  a zonal characrzr. The patterns of su r face  
I 
I 

, 
I albedo over the Sahara match the  distribution of soils reasonably wel l ,  

indicating a strong dependence of surface reflectivity on soil 

character i s ti c s . t h e t r o p i c a 1 

regions located south of 10"N. 

S u b s tan ti a 1 seas o n a 1 v ar i a ti on s c h ar act e r  i z e 
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1. I n t r o d u c t i o n  

In part one of this article (Ba cr a l . ,  1996), \ire described 3 

methodology for deriving estimates of solar irradiance and surface a1 bsdo  

using METEOSAT data and compared our results with those of o t h e r  

investigators. Here in part 11, the methodology is applied to studying t h e  

radiation balance of the African continent. 

The results have several potential applications because of t h e  

importance of solar irradiance at the surface i n  driving the global c l imate  

system. It is the primary energy source for the system and controls t he  

surface energy balance. I t  is also the key factor controlling p r i m a r y  

productivity of vegetation. For this reason, accurate estimates of s u r f a c e  

radiation balance are necessary for climate modelling. Likewise accu ra t e  

estimates of surface albedo are needed, particularly in General Circulation 

Models (GCMs). Although GCMs require surface albedo estimates with a n  

accuracy of 0.01 to 0.05 on the monthly time scale, most GCMs cu r ren t ly  

use inaccurate maps of surface albedo and/or adopt a typical albedo v a l u e .  

for  a given vegetation class. I t  would be preferable to map surface a lbedo  

over long time periods, possibly over several spectral bands, and t o  

develop models of surface albedo variation as a function of vegetation t y p e  

and seasonal evolution. This can be done only via satellites. 

For the African continent, albedo is of special interest because of t h e  

hypothesis of Charney (1975) and othtrs  that increased surface a lbedo ,  
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accompanying drought of human-induced desertification. might exacerbate o r  

even trigger drought. Numerous satellite estimates of surface albedo hive b e e n  

made over West Africa (e.g., Norton et al .  1979; Courel cf  al .  19S3; Pinty et al .  

1985; Pinty and Szejwach, 1985; Dedieu et  al. ,  1987; Pinty and Tanrb, 19S7; P in ty  

and Ramond 1987). Fewer estimates of continental scale albedo have  been m a d e ,  

notably those of Li and Garand (1994), Pinker and Laszlo (1992), and Darnel1 e t  

a l .  (1992). While most have emphasized methodologies, Xorton ef al .  (1979) a n d  

Courel ef al .  (1984) have examined the seasonal and interannual \variations in a n  

attempt to evaluate Charney's hypothesis. 

The aim of this paper is to present temporal and spatial variations of 

global solar irradiance and surface albedo over Africa as deduced f r o m  

satellite estimates for the period of 1983-88. A study of surface n e t  

radiation is also presented using complementary data on surface ne t  

longwave radiation estimates of Darnel1 et al .  1992. We first focus on t h e  

regional and seasonal distribution of these three parameters. Then w e 

examine their interannual variability during the period of s tudy  using 

longitudinal transects at 10"W and 19"E. 

2. Data 

Multi-year METEOSAT visible data and climatologies of ver t ical ly  

integrated water vapor content (Tuller, 1968) and vertically in t eg ra t ed  

ozone content (London el a l .  1976) were used for the present s tudy .  
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1 Surface net 1ongn~;tve radiation estimates of Darnell et 01. ( 1  992) were a l s o  

used to compute surface net radiation. The dittascts of DLirneil et 01.  (1992) 

were mapped to the ISCCP equal-area grid wit11 approximate dimensions of 

278  km x 278 km (2.5" latitude x 2.5" longitude). The global so l a r  

irradiance and surface albedo obtained from METEOSAT were computed a t  

0.25" x 0.25", but we preferred to illustrate the maps a t  a l o  x 1" spa t ia l  

resolution to have a smoother field for easier analysis. To compute t h e  

surface net radiation, hETEOSAT products were degraded from 0 . 3  x 

0.25" to match the 2.5 x 2.5" ISCCP grid boxes. 

3. T e m p o r a l  a n d  spa t ia l  var iab i l i ty  of su r face  r ad ia t ion  budge t  

Continental maps of land-surface albedo, global solar irradiance a n d  

surface net radiation for the midseasonal months of January, April, J u l y  

and October are produced. Longitudinal transects at lO'W and 19"E a r e  

also produced to s tudy the in t e rannua l  var iabi l i ty  of t h e  Sur face  R a d i a t i o n  

Budget (SRB) components during the  period of 1983-88. 

3.1. Seasona l  va r i a t ion  of s u r f a c e  global  s o l a r  i r r a d i a n c e  

Figure 1 presents the continental distribution of the monthly m e a n  

global solar irradiance at a spatial resolurion of 1' latitude x 1' l ong i tude  

for the months of January, .4pril, July, and October. 
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The January surface global solar irradiance (Fig. 1 a )  is cha rac t e r i zed  

by nearly a zonal distribution o\'er northern Africa abo\ie 10"s \!pith \.slues 

I not exceeding 225 W m - 2 .  Between 0" and 10°N, values exceeding 2 5 0  

W m - 2  dominate this region. The equatorial regions of southern Africa a r e  

characterized by values ranging from 225 to below 200 W ~ I - ~ .  O v e r  

southwestern Africa (Namibia), the surface global solar irradiance e x c e e d s  

I 300 Wm-2.  

During April (Fig. l b  ), peak values exceeding 300 W m - 3  o c c u r r e d  

over the Sahara. At the northern and southern Saharan boundaries, v a l u e s  

I 

ranging from 275 to 300 Wm-2. characterized the  global solar i r r a d i a n c e  

field. The equatorial resions of sourhern Africa, with global so l a r  

irradiance not exceeding 235 LVm-2, are marked by very little spa t i a l  

var ia t ion.  

During July, the Saharan regions continue to represent high s u r f a c e  

global solar irradiance, which now exceeds 325 W m - 2  over the n o r t h e r n  

Saharan regions (see Fig. IC). Meanwhile, t he  surface global s o l a r  

irradiance significantly decreases in Sahelo-Soudanian regions, a 

consequence of the increasing cloudiness associated with the migration of 

the Inter-Tropical Convergence Zone (ITCZ) to the north. The pattern of 

the surface global solar irradiance distribution is nearly zonal over t h e s e  

regions with a relatively high norrh-south gradient. Values of s u r f a c e  
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global solar irradiance louver t h a n  300 \ V m - z  sre now presenr o\ 'cr tiis 

Guinea coast and over Canitroon. Meanwhile. i n  southern Africa, t 11 e 

surface global solar irradiance reaches its low \!dues of the year. 

The  global solar irradiance during October does not reach 300 W m - 2  

(Fig. Id). The maxima lie over Sahelian regions and in the southwest of 

southern Africa. The lowest values are found over the  equatorial r eg ions  

and the northernmost and the southernmost parts of t h e  continent. 

3.2 I n t e r a n n u a l  \*ar iab i l i ty  of global  solar  i r r a d i a n c e  

The interannual variability of global solar irradiance is due t o  

v ari at  i o n s in atmospheric c on d i ti on s (c 1 o u d i n e s s , w at er \' a p or and a e r o s o 1 

content). Clouds are an especially important determinant of the d o w n w a r d  

short-wave flux as they attenuate t h e  incoming radiation. 

Latitudinal transects of zonal variations of global solar irradiance f o r  

January and J u l y  were used to analyze t h e  \variability during the period of 

1983-88. Fig. 2 represents latitudinal cross sections of month ly  global 

solar irradiance at 10"W (top) and at 19"E (bottom). On the leit-hand s i d e  

is the January transect; on the right-hand side is t h e  July transect. 

A look at various latitudes shows that there is little i n t e r a n n u a l  

variability of short-wave radiation during the dry season. Examples a r e  

the area of approximately 5"N to 12"N in January and 10"s to 30"s in July.  



Short-wave radiation is slso rel:itivel>, constant from year-to-year over the 

Saharan resion from about 1S"N to X ' S ,  part icul~~rly d u r i n g  J u l y .  .As to b e  

expected, there is considerable inrerannual variability during the w e t  

season in the respective hemispheres  and conditions are more variable i n  

the southern hemisphere than in the northern. The most v a r i a b l e  

conditions a re  in the areas of the  ITCZ (e.g., south of 15"N a t  1O"W a n d  

,a round 5"N to 10"N at 19"E). Variability is also fairly high north of t h e  

Sahara during the  wet season in January. 

Two features in  these transects a re  particularly striking: anomalously 

low values in January 1985 and 19SS over North Africa and in J a n u a r y  

1984 in southern equatorial latitudes. The January 1985 anomaly r u n s  

from about 12"N to 1S"X; t h e  difference between this  and other J a n u a r i e s  

reaches a maximum of about 50 W ' m - 2  near 15"N. The analysis of t h e  

monthly mean infrared image for January 1985 shows that the r e d u c e d  

global solar irradiance is due  to a persistent cloud band stretching from the 

-4tlantic coast of Smegal to the Mediterranean coast of Libya. This i s  

consistent with a transeci drawn from Darnell et a l .  (1992) estimates a n d  

is probably likewise linked to winter cloudiness over the central Sahara i n  

association with such cloud bands or similar systems. The 1988 anomaly i s  

likewise apparent  in the Darnell et al .  data set and probably a l s o  

repre  sen ts per s i  s t en t cloud in es s . 
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The January 195-1 anom:ily rit':ir 2"s to 12"s is more difficult t o  

explain, as is the generally h i z h  variability i n  these latitudes of y e a r - r o u n d  

rainfall, where the  interannual variability of rainfall is generally s m a l l .  

This does suggest rather marked interannual variability of cloudiness i n  

the southern equatorial latitudes during January, which is well within t h e  

wet season in these latitudes. 

3.3. S p a t i a l  he te rogenei ty  of t h e  s u r f a c e  a lbedo  field 

Figure 3 represents the  continental distribution of the monthly m e a n  

surface albedo (1983-8s) at a spatial resolution of 1' latitude x 1' 

longitude for four individual months, each representing a season. Similar  

maps were also derived for each month of the year, but are not p r e s e n t e d  

here. These show a large range of albedo, from low values i n  equa to r i a l  

Africa that never exceed 0.20 to values exceeding 0.50 in some d e s e r t  

regions of t h e  subtropics. Values in t h e  Sahel of West Africa exhibi t  a 

strong zonal character, but this is generally not the case elsewhere o v e r  

the continent. 

The most prominent features of the  geographical pattern of s u r f a c e  

albedo are the  maxima over the  Sahara desert and the  Kalahari d e s e r t .  

These features are relatively invariant throughout the year. In four d e s e r t  

regions, surface albedo reaches 0.50 during all or most of the year. T h e s e  

are located in the eastern part of Mauritania at its border with Mali, t h e  
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central Algerian Sahara, the T i n i r i  desert located north-north utest of 

Lake Chad, and the Libyan deserr. I n  general, the pattern of s u r f a c e  

albedo over the Sahara matches t h a t  of soil distribution, as s h o w  by t h e  

FA0 (1977) Soil Map of the  World. This indicates a strong dependence o f  

surface reflectivity on soil characteristics. 

Over West Africa, from the  southern SaheI near 12"N to the c e n t r a l  

desert regions of Mali and Mauritania, our estimates range between a b o u t  

0.20 and 0.50, being somewhat lower in  J u l y  t h a n  in  January. Within th i s  

same area, the  estimates of Pinty and Ramond (1987) range from a b o u t  

0.20 to 0.50; those of Li  and Garand (1994) from 0.15 to 0.45. In t h e  

northern Sahelian zone from 1S"S to 2O"N and 2"W to 1OoW, our a l b e d o  

averages are 0.45 for January and 0.44 for Ju ly ,  compared to 0.44 and 0 . 4 6  

estimates for February and July. 1979, by Pinty and Ramond (19S7) .  

These a re  also in relatively good agreement is?ith early assessments b y  

Courel et al.  (1984) (ranging from 0.40 to S O )  and Rockwood and Cox 

(1978) (0.42 or greater), based on .METEOS.\T and SMS data. respec t ive ly .  

Of note is the  strong gradient in surface albedo, with values inc reas ing  

from 0.20 to 0.40 within 5 degrees of latitude over the western Sahel. 

For the Sahelian region, our results can be directly compared w i t h  

previous estimates using specific point comparisons for three in t ens ive ly  

studied locations in Burkina Fzso (TabIe 1). The studies used f o r  

comparison are those of Pinty and TanrC (19S7), Deschamps and Dedieu 
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(19S6),  and Pinty 2nd Raniond (19S7). Pinry and  TanrL (19S7) u s e d  

measurements of surface global so1;ir radiation t o s e t h e r  w i t h  1IETEOSAT 

radiances to derive mean albedo on IS February and  3, J u l y  1979. P i n t y  

and Ramond's (1987) values correspond to surface albedo e s t i m a t e s  

corrected for atmospheric and angular effects using METEOSAT d a t a  

obtained near t h e  local noon on 18 February and 2 July 1979. Deschamps  

and Dedieu's values correspond to reflectances computed at  11.30 TU. 

Generally, our values agree litell w i t h  those obtained by all t h r e e  

investigators mentioned above (Table 1). Our February values a r e  

somewhat higher than  those obtained by Pinty and Ramond at Dori a n d  

Ouagadougou. During July, our estimates are generally lower than t h o s e  

obtained by t h e  others for Ouagadougou and Fada Xsourma. Although o u r  

estimates and those of Pinty and Ramond are made for different yea r s ,  

they are the  most comparable because both represent the daily m e a n  

surface albedo. Those  obtained by Deschamps and Dedieu and those of 

Pinty and TanrC correspond to surface albedo obtained at  one point in t i m e  

near the local noon. 

In  equatorial regions, from 10'3 to IO'S, our values are generally o n  

the order of 0.14 IO 0.20 in both January and July,  and are i n  good 

agreement with those of Li and Garand (1994). Over southern .4frica, o u r  

estimates range from 0.15 to 0.30 over most of the region, likewise i n  

agreement with the results of Li and Garand (1994). Thus, the s u r f a c e  
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albedo over the semi-arid portions of southern Africa  is significantly loujer 

than over the equjv;ilent regions of northern Africa. The spatial  g r a d i e n t s  

of albedo are  also comparatively weak, the maximum being a change f r o m  

0.15 to 0.25 within 10 degrees of latitude in the  far southwest. 

~ 3.4 Seasona l  va r i ab i l i t y  of s u r f a c e  a l b e d o  

During January (Fig. 3a), the northern equatorial regions located 

between 0" and 12"N are marked by surface albedo below 0.20 with a 

minima lower than 0.15 centered over the Central African Republic. 

Values exceeding 0.15 dominate the southern equatorial regions. In Apri l  

(Fig. 3b), the pattern of surface albedo in West Africa does not c h a n g e  

significantly, while in the southern equatorial region values below 0.15 

I appear over the Congo basin. During July (Fig. 3c) values below 0.20 

characterize part of West Africa located south of 10°N, except two sec tors  

of values above 0.20 over the southeastern Ivory Coast and a n o t h e r  

located over southeastern Guinea. Values below 0.15 now dominate in t h e  

Congo basin and over coastal regions of southeastern Africa. During 

October (Fig. 3d),  values below 0.30 still dominate western Africa except a 

sector located over southeastern Ivory Coast. ' Bi-directional effects due to changing solar geometry are min imized  

by the normalization of data by the directional function (see t h e  

~ companion paper of Ba et a l .  1996). Therefore most of the  seasonal  
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changes i n  s u r f x e  albedo i n  vegetated regions 3re due to changing p l a n t  

phenology. l iowe\*er ,  o\-er West A f r i c a .  bush  f i res  a lso contribute to 

lowering values of surface albedo during the drjf season (see Leroux et al .  

1 9 9 4 ) .  

Both these seasonal changes and the latitudinal variations in a l b e d o  

are underscored in the  transects in  Figs. 4 and 5.  The former s h o w s  

longitudinal transects of surface albedo for four months at 1O"W and 19"E, 

respectively. The latter provides a map of seasonality index ( 3 )  of su r face  

albedo, defined as: 

S = lOO(Asj , /  - ASjeb)/AJj.eb ( 1  ) 

where Asj,l and A s f e b  refer to July and February surface albedo,  

res  p e c t i v e 1 y . 

For the  transect at 1O"W seasonal variations are readily evident f o r  

the region located below 12"N. During January and April, the s u r f a c e  

albedo slightly exceeds 0.15, while i t  reaches 0.30 during July and October .  

The seasonal cycle approaches 0" near 12"N, then reverses further nor th .  

Surface albedo abruptly increases from 0.35 to 0.50 from 1 5 3  to IS'N, 

showing a broad maximum centered around 20"s. From there n o r t h w a r d  

to 2S0N, it shows a relatively steady decrease to about 0.30. A s e c o n d a r y  

maximum appears, however, near 2 5 3 .  Overall, the amplitude of t h e  

seasonal cycle of albedo is large from about 18°K to 22ON, although there is  
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little change in \pegetation cm 'e r  i n  th i s  s t c io r  d u r i n g  t h e  course of t h e  

yea r .  

The  transect at 19"E is interesting because i t  allows one to c o m p a r z  

the gradients of surface albedo between the arid and semi-arid regions of 

northern and southern hemisphere regions. In h e  southern h e m i s p h e r e ,  

surface albedo decreases steadily from arid to tropical regions, ranging  

from - 33% at about 25"s to -15% throughout t h e  equatorial latitudes f r o m  

c. 15"s to 0". In  the northern hemisphere, surface albedo is likewise a b o u t  

10% in the  equatorial la t i tudes,  bu t  i t  increases sharply from 1O"N to a 

maximum of nearly 50% around 15"N to 17'9. It decreases to about 3570 

from about 20"N to 24"N, then increases to over 50% further north. T h e  

sharper gradient in the northern hemisphere corresponds to a s t e e p e r  

rainfall gradient; the lo\\ler albedo o\ter the southern h e m i s p h e r e  

corresponds to a denser vegetation cover and wetter climate, with no  

desert region equivalent to the Sahara.  

More difficult to explain are the desert areas with relatively h igh  

seasonal variability and the minimum in  surface albedo at c. 20"N - 24"s 

at 19"E. In the former case, we suspect that  the apparent variability i s  

produced by the seasonal fluctuations of atmospheric aerosols. Near 1 O " W ,  

aerosol content is greatest in July (N'TchaJti h4bourou et of. 1996) and i s  

consistent with the  relati\fely low albedo in July. I t  is also greatest in t h e  

central and southern Sahel, accounting for the greater seasonal cont ras t s  
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a t  about 1S”N to 22’N than  i n  a reas  f u r i h e r  no r rh .  A t  I9”E Lierosol conten t  

is lower than further west but likewise has  3 m a x i m u m  in  J u l y ,  accounting 

for t h e  loliter seasonal variation over the desert i n  th i s  transect. 

The secondary minimum in this transect at c. 20”N - 24’N is probably 

related to the Tibesti massif. Vegetation is somewhat higher here, a s  

rainfall is significantly higher than in  t h e  surrounding lower plain. T h e  

topography itself might also influence the apparent surface albedo and t h e  

aerosol effect here is  lower than  elsewhere i n  the Sahara and  Sahel. 

Overall, a somewhat surprising picture of surface albedo e m e r g e s  

from these transects. At both lO’W and 19’E, the seasonal variation of 

surface albedo reverses north and south of about 13’N and 10’5, 

respectively. To the north, minimum surface albedo corresponds to t h e  

wet season, maximum albedo to the dry season, as would probably b e  

anticipated. However, the opposite is true to the south, with h igher  

surface albedo during the  wet season. In the southern hemisphe re ,  

maximum albedo also coincidts w i t h  the \$.et season with the m i n i m u m  

occurring a t  the end of the \<‘et season and during the dry season. 

The  seasonal cycle is summarized in Fig. 5 ,  showing the  seasonal i ty  

index S. Several general patterns are apparent. First of all, the a m p l i t u d e  

of the cycle is largest in the subtropical latitudes, which experience wel l -  

defined dry and wet seasons. It is lowest i n  the  equatorial latitudes, w i th  

nearly year-round rainfall, and in the desert regions of s o u t h w e s t e r n  

14 



Africa. Further evident is a re\ssrsr?l i n  sizn v at 10"N to 13'X a n d  0" to 4'N. 

This is consistent \+.ith the resul ts  described above i n  the transects a n d  

shows that in the Sahel, dry season albedo is higher t h a n  wet s e a s o n  

albedo, while in equatorial regions and the southern hemisphere t h e  

opposite is true. 

The explanation for the  above pattern is not readily apparent, but i t  

may relate to the  peculiar spectral signature of vegetation, with v igo rous  

green vegetation having a very high albedo in the infrared w a v e l e n g t h s  

(Dickinson 1983). This would mean tha t  in the case of a reasonably s p a r s e  

cover with considerable bare ground exposed, albedo is high during t h e  

dry season with maximum exposed soil and minimum soil moisture. S u c h  

a situation occurs in the Sahsl, urhere dry-season brushfires may f u r t h e r  

enhance this effect. For a region w i t h  relatively dense cover, t he  vigor of 

the vegetation would govern the albedo, \+pith t h e  infrared effect b e i n g  

dominant and producing high albzdos during the growth season. This i s  

clearly the case in  wet equatorial latitudes n i t h  forests and r e l a t i v e l y  

dense woodlands. I t  is probably [rue of the southern subtropics as wel l ,  

since vegetation density there is considerably higher than in  the Sahel ,  

despite similar conditions of rainfall (Xicholson and Farrar 1994). 
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3 .5  1nterannu: i l  v a r i a b i l i t y  of' s u r f a c e  a l b e d o  

The interannual \.ari;ibiIity of surface albedo reflecis chanses i n 

surface properties, particularly in  \leEstation cover. Thercfore, one ni a y 

expect larger variability in  regions, such as the Sahel, where t h e  

interannual variability of rainfall is much higher than elsewhere on t h e  

continent. In contrast, one should expect a lesser interannual var iab i l i ty  

over the Sahara. 

I 

I Figure 6 illustrates interannual variability of surface albedo f o r  

January 1984-88 (left-hand side) and July 1983-88 (right-hand side) f o r  

latitudinal transects at 1O"W (top) and a t  19"E (bottom). 

I 
I 

These transects do not show the anticipated patterns of s u r f a c e  

albedo. The Sahelian region (c. 12"N - 17"N in  the usest, 11"N to 1j"N i n  

~ the east) there is a relatively high degree of interannual variability, but i t  

l is no larger than in the lower latitudes or in the equiitalent latitudes of t h e  

sou the rn  h e m i s p h e r e .  Also, t he  in te rannual  variabil i ty is re la t ively l a r g e  

throughout the southern hemisphere during both J u l y  and January. This i s  

a puzzling result because JuIy rainfall is virtually zero in  all years south of 

10"s or 15"s and the vegetation index also shows only weak i n t e r a n n u a l  

variability in these latitudes. The h i z h  degree of interannual var iab i l i ty  

over the latitudes of the Sahara is likewise surprising but might b e  

attributed to year-to-year changes in axosol  content. 

I 

I 

1 

~ 
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The \iarizbility i n  the desert is gcneralijt Isss r l i a n  5 ?h df rhe inont!i l>,  

mean. I n  conrrast, in tropical regions located belween 15"s  :ind l S o S ,  t h e  

relative variations are large i n  comparison to monthly mean (Fig. 6). The 

differences between the maximum and minimum observed values r eached  

c. 0.035 for a mean surface albedo of about 0.30, which represents 1 5 7 ~  of 

the regions located between 5'N and 10°N during Ju ly .  In  equa to r i a l  

regions, this difference reaches 20% of the mean value of the  su r f ace  

albedo, which is approximately 0.1 5 for Ju ly .  

3.6 Seasonal  v a r i a t i o n  of s u r f a c e  ne t  r ad ia t ion  

To study the  seasonal and interannual 1,ariations of net radiation, w e  

comp eted our surface radiation estimates \v i th  1ongn)ave rad ia t ion  

estimates of Darnel1 e t  al .  (1992). 

Figure 7 shows the continental distribution of the monthly m e a n  

surface net radiation at spatial resolutions of 3.5' x 2.5' for the ind iv idua l  

months of January, April, J u l y ,  and October. As expected, the  pattern of 

net radiation shows that over northernmost and southernmost Africa t h e  

minimum (less than 25 W m - 2 )  occurs in  January and Jul>i, r espec t ive ly .  

This results from reduced incoming solar radiation during January o v e r  

northern Africa, and during J u l y  over southern Africa. 
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Thc pattern of net r i idiat ion shows t h i i t  rhc n i ; i x i i i i u r n  ( m o r e  1 h :in 

150 Wm-2)  occurs ovcr the squ:itori;il regions loc;irsd bt'i\vet'n IO'S :i 11 d 

10"s. Values higher than 150 Wm-2.  dominate the April field o\ 'er t h e s e  

regions (Fig. 7b) with a peak maximum of 175 Wm-2 over the Guinea coas t  

and Cameroon. During July, the peak maximum, exceeding 150 W m - 2 ,  

moves toward the  north and is centered around 10"N. During October, 

peak of maximum values exceeding 150 W m - 2  are located in  t h e  

equatorial regions (Fig. 7d) .  

3.7 I n t e r a n n u a l  va r i a t ion  of su r face  net  r ad ia t ion  

The interannual variability of the net surface radiation rsflects t h a t  

of both the  net global solar irradiance and the net longwave radiation. 

Figure 8 illustrates the interannual variability of surface n e t  

radiation during January 1984-88 (left-hand side) and July 1 9 8 3 - 8 8 

(right-hand side), corresponding to latitudinal transects at 10"W (top) a n d  

at 19'E (bottom). 

For January, the latitudinal variation of the surface ne t  radiation i s  

very similar to that of the surface global solar irradiance at 10"W. T h e  

values during 1985 are as lo\v as 25 Wm-2.  lower than other Januaries f o r  

regions located between 12°K and 20"N. This was the case for the s u r f a c e  

3 4obal  solar irradiance. Important fluctuations are present on the 19"E 
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transect for January o \ c r  southern .-lfric:i, cspsci3lly a r o u n d  10's. I n 

contrast. north of 5OY, rhs r,et r:tdi;irion shows l i r r l t  inrer;innua! vsriability. 

During Ju ly ,  variations of the surface net rsdi2tion froni one !*ear t o  

another are generally small for the 1O"W transect, except for 1988. V a l u e s  

of the surface net radiation are generally much higher during July 1 9 8 8  

than a n y  other year, especially between 15" and 25'5 at 10"W. These h i g h  

values are due  to much higher values of ne t  longwave radiation e s t i m a t e s  

of Darnel1 et al .  (1992) (not shown her?). These s!vstem;ltic h i g h  e s t i m a t e s  

of net longnpave radiation during J u l y  198s are quzstionable. 

4.  Conclus ion  

Overall, neither the seasonal c\-cle nor the interannual \sariability of 

surface albedo or surface irradiance conform to those anticipated f r o m  

regional climate dynamics. In somc cases, the explanation appears to lie i n  

the  complex spectral signature of green vegetation. In general, however, i t  

appears that both variability of atmospheric constituents, pa r t i cu la r ly  

aerosols, and calibration problems inrroduce errors in  the seasonal c y c l e  

and in year- to-year  fluctuations. These problems must  be overcome if 

satellite methods are to be used to study interannual variability of s u r f a c e  

radiation balance on a continental sczle. 

Two patterns are relatively clear, however. One is that the s e a s o n a l  

changes within a climatic region are relatively small compared to t h e  
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contrasi berwcen regions of d iverse  c1irn:ite. Secandi),,  both t h e  se;ison;il 

and in re rannu ; t l  cti:ingss ;ire srn;ill comp:ired to t h ? < e  reqLiircd for s u r f a c c  

albedo changes to influence rainfall ivariabi l i t y  or the occurrence of 

drought .  
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Table 1: Mean  Surface,  albedo o \#er  rhrec different sires i n  B u r k i n a  I’:iso 
~~ 

Pin ty ;i n d 

R a m on d 

( 1 9 8 7 )  

Sites D e  sc ti ;t rii p s  

3 n d  

Dedieu( 1986) 

I’ i 11 I !’ 

T a n r i  

( 1 9 8 7 )  

;t n d l’tiis Srudy 

J u l .  79 Feb. 

7 9  

J u l .  79 J u l .  S3 J u l .  S4 Ju l .  83 Jul.  S4 Feb. 

8 4  

Dori 0 . 3 4  0.26 0.26 0.29 3 .29  0.37 0 .29  3 .2s  

(1 4.05N,O) 
~~~ 

Ouagadougou 0 .25  0.22 0 .21  0.31 0.23 0 . 1 9  0 .19  0 .29  

(1 2.42N,O) 

Fada  0 .24  0 .23  0.20 0.20 0.1 S 0 .19  0.22 0.25  

Ngourma  

(1 2.06N,0.4E) 
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C A P T  

Figure 

0 

1: 

S 

Distribution of global sol:tr ir;;idi;rnce (Win-?) for ( : i )  J ; inu :uy .  ( b  ) 

April, (c) July, and (d) Octohzr . 

Figure 2: Interannual variation of global solar irradiance ( W m - 2 )  f o r  

north-south transects at 10°\V (top) and a t  19'E (bottom) for January ( lef t )  

and J u l y  (right). 

Figure 3: Distribution of surface albedo (%) for (a) January, (b) April, (c )  

July , and (d) October. 

Figure 4: Seasonal variation of surface albedo (5%) for north-south t r ansec t s  

at 1O"W (top) and at 19"E (bottom) for the midseasonal months of J a n u a r y  

(solid line), April (dotted line), July (dashed line), and October ( d a s h e d -  

dotted line). 

Figure 5 :  Seasonality index IS) of surface albedo. S expressed in percent ,  

represents the difference betureen values of July and February normal ized  

by that of February. 



Figpre 6: I n t e r a n n u a l  variation of surface slhcdo ( 9 : )  Cor n o r t  h - s o u t h  

transects st  10"\'1' (top) a n d  at i9"E (bottom) ior J a n u a r y  (1s;;) rtnd J u l y  

(right). 

Figure 7: Distribution of surface net radiation ( W m - 2 )  for (a) January, ( b )  

April, (c) July , and (d) October. 

Figure 8: Interannual variation of surface net radiation ( W m - 3 )  for n o r t h -  

south transects at 10°W (top) and  ai 19'E (bottom) for Januar!. ( left)  a n d  

J u l y  (right). 
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Appendix C 
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ABSTRACT 

The climate of West Africa, in panicular the Sahel. is characterized b! multiyear persistence of anomalously 
wet or dry conditions. Its Southern Hemisphere counterpan. the Kalahan. lacks the persistence that is e\ident 
in the Sahel even though both regions are subject to similar large-scale forcing. It has been suggested that land 
surface-atmosphere feedback contributes to this persistence and to the severity of drought. In this nudy, surface 
energy and water balance are quantified for nine stations along a laiiiudinal transect that exlends from the 
Sahara to the Guinea coast. In the wetter regions of West Africa, the difference between wet and dry years is 
primarily reflected in the magnitude of runoff. For the Sahel and drier locations. evapotranspiradon and soil 
moisture are more sensitive to rainfall anomalies. The increase in evapotranspiration. and hence latcnt heating, 
over the Sahel in wet years alters the thermal structure and gradients of the overlying atmosphere and thus- the 
strength of the African easterly jet (AEJ ) at 700 mb. The difference between dry and wet Augus~s corresponds 
to a decrease in magnitude of the AEJ at 15"N on the order of 2.6 m s-', which is consistent with previous 
studies of observed winds. 

Spatial parterns were also developed for surface water balance parameters for both West Africa and southern 
Africa. Over southern Africa, the patterns are not as spatially homogeneous as those over West Africa and are 
lower in magnitude, thus supporting the sugpestion that the persistence of rainfall anomalies in the Sahel might 
be due, at least in pari, IO land-atmosphere feedback. and that the absence of such persistence in Ihe Kalahari 
is a consequence of Is significant changes in surface water and energy balance. 

1 .  Introduction 
During the past decade, the African continent has 

been anomalously d q  (Fig. 1 ). Two of the most se- 
verely affected regions are the semiarid Sahel of West 
Africa and its Southern Hemisphere counterpan, the 
Kalahari. The rainfall fluctuations in both regions are 
correlated on the scale of decades and, somewhat less 
so, for individual years. One notable difference is ap- 
parent, however, in the year-to-year persistence of the 
anomalous rainfall. In the Sahel, the duration of dry 
or wet episodes is on the order of one or two decades. 
Rainfall has not exceeded the mean since 1969 (Fig. 
2) .  In contram, rainfall exceeded the mean in even' 
year from 1950 to 1959. Although on the average rain- 
fall has been abnormally low in the Kalahari during 
most of the Same period and anomalously high in the 
1 9 5 0 ~ ~  the remarkable persistence so readily apparent 
in the Sahel series is lacking in the Kalahari. In the 
latter region, no sequence of "wet" or "dry" is 
longer than 4 or 5 years. 

We are hypothesizing that the persistence in the 
Sabel is a manifestation of land-atmosphere feedback? 
invoked by the changes of surface energy balance in- 

Corresponding aruhor addrex Dr. Andrew R. Lare, Appljed Re- 
searchCorporadon. NASA GSFC(Code913),Greenbelt, MD20771. 

duced by anomalously high or low rainfall. A corollary 
to this hypothesis is that drought or wet years are trig- 
gered by large-scale factors in the general atmospheric 
circulation and/or over the global oceans, acting syn- 
chronously in the Sahel and the Kalahari. According 
to this scenario. the land surface changes induced by 
the anomalous rainfall (e.g., vegetation. albedo, tem- 
perature, soil moisture) would reinforce the atmo- 
spheric conditions that produced the anomaly in the  
Sahel. This would prolong and intensify drought or 
wet conditions. The absence of such interannual per- 
sistence in the Kalahari would then suggest that either 
the land surface changes are too small in magnitude 
or spatial extent to have significant feedback on the 
overlying atmosphere or that the systems that produce 
rainfall in southern Africa are relatively insensitive to 
land surface characteristics and processes. 

In t h ~ s  study, we examine this hypothesis by assessing 
the surface water balance for wet years and d q  years 
for representative stations in both regions. The cli- 
matonomy model developed by Lenau (e.g., Lettau 
1969; Lettau and Baradas 1973) is used to calculate 
soil moisture, evapotranspiration, and runoff for the 
mean conditions of the 10 wettest and 10 driest years 
at each station. The model is forced by precipitation 
and incoming solar radiation at the top of the atmo- 
sphere. The model is then adapted to produce mean 
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FIG. 1. Mean rainfall for the decade 1980-89 cxpresscd as a percent 
departure from the long-term mean (Le., the mean for the entire 
length of record. commencing in 1901 or as soon thereafier as rainfall 
observations begin). Station data are averaged over 1 "  squares to 
facilitate presentation. Boxed areas indicate r e o n s  of interest in this 
nudy. 

spatial fields of the relevant variables for the 10 wettest 
and 10 driest years in  both regions. The modifications, 
described in section 2d, facilitate data input for a large 
number of stations. 

The stations and analysis regions are shown in Fig. 
3, together with isohyets of mean annual rainfall. The  
nine Sahelian stations (Fig. 3a) were chosen to repre- 
sent the north-south rainfall gradient from the Sahara 
to the Guinea Coast. They run roughly along a north- 
east-southwest transect, which shifts abruptly to the 
west at about 8"N, in order to bypass the anomalous 
dry zone (Trewartha 1961) of southern Ghana. Six 
Kalahari stations (Fig. 3b) were chosen to a range 
of conditions. The range is smaller than in the Sahel. 
however, because in selecting appropriate stations. we 
limited choices to  regions that exhibit significant con- 
trast in rainfall between the 10 wettest and 10 driest 
YE~K for the Kalahari as a whole. 

2. The climatonomy model 

a. Overview 

The model used in this study is an adaptation of the 
Lettau three-part "climatonomy" model that was de- 
veloped in the late 1960s (Lettau 1969; Lettau and 
Lettau 1969, 1975). Oimatonomy was conceived as a 

I regional-scale model of surface energy and water bal- 

-- 
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FIG. 2 R3in fa l l  f l uc tus t ions  in  the N'csl Afriuirn Satiel (19111 lo 
1990) exprcssed as 3 rrgionally averaged sundardized dcpanure ( d e -  
panure from the mean divided by t h e  sundard depanure). 

ance, and it has  been applied to a number of geographic 
locations. Recently, the climatonomy model has been 
used to study surface water balance in the Great Plains 
(Pinker and Con0 1987: Con0 and Pinker 1987), the 
West African Sahel (Nicholson and Lare 1990), and 
areas of the United States ( Lettau and l-lopkins 199 1 ) .  

The accuracy of climatonomic model output has 
been verified in a number of experiments. Lettau 
(1969) applied the model to several areas in North 
America using observed data encompassing several 
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FIG. 3. Map of stations used in t h e  study and isohye= of mean 
annual rainfall, in mm: ( a )  West Africa, ( b )  the Kalahan and sur- 
rounding e o n s .  
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ohsc 1-1 t*d ;! n 2 i I c u I :i I cd r L I  n of. L'\ 2 poi ra n spi r;j 1 i I i n . 
and >oil nio:c:2re \.>Iur.s. L C I I ~ U  :ind Baradas ( Ii)i1 \ 
applicd t l i i  n-tt-dcl I O  thc  h1:ihacan R I \  C'J waicrslwd i n  
tlie Philippint. for ;I 12-!,r pcriod. A n n u ~ l  L I \ ' C J ~ ~ C ~  of 
obscr\,cd runcfiuerc found t o  hc corrclatcd at tlie 0,Sq 
l c \ t l  w i t h  c;:iculations. and m o n t h l ~  e\ apotranspira- 
lion calculat:ons .Is@ comparcd \\;e11 w i t h  empirical 
data for the  rcfion. Curio and Pinker ( 19s: ) tested the 
validity of the  model on shortcr ~empora l  and smaller 
spalial scales than the climatic scales associatcd \+.it11 
prcvious studies. conducting an cxpennient for the statc 
of Kansas as \vel1 as for sevcral smaller individual wa- 
tersheds. Calculated runoff compared \+rell with oh- 
served values wjhen the entire stale \+% considered. re- 
sulting in phase difierences of less than 1 month and 
similar amplitudes. Nicholson and Lare ( 1990) found 
good agreement Lvith observed soil moisture and other 
parameters in the Sahel. 

The model consists of three subunits: shortunavc ra- 
diation cliniatonom!.. evapocliniatonom),. and ther- 
moclimatonom!. ( Lettau 1969: Lettau and Lettau 
1969, 1975). The shortwave radiation submodel is used 
to calculate ground-absorbed solar radiation from in- 
coming solar radiation (Lettau and Lettau 1969: Lare 
and Nicholson 1990) .  Absorbed solar radiation in 
combination with rainfall forces the e\9apoclimaton- 
omy submodel. which in turn predicts monthly mean 
evapotranspirzrion ( E ) .  runoff (A') .  and soil moisture 
( 1 7 7 ) .  Precipitation. e\tapotranspiration and ground- 
absorbed radiation provide input to the third submodel. 

In this study. only the evapoclimatonom!~ submodel 
is used. However. its input includes ground-absorbed 
solar radiation. w-hich was calculated with the shon- 
wave submodel. The  e\fapoclimatonom!. submodel is 
described i n  section 3c. while details of the shortwave 
model are summarized in  section 2b and presented in 
Lare and Nicholson ( 1990). The shortwave model re- 
sults for the locations described in this anicle \+,ill ap- 
pear in  a sequel concerned with surface energy balance. 

b. Shorrniaw radiarioii cliniaro~ior~ij 

In  the shonuave radiation submode!. estraztmos- 
pheric irradiance is used as the forcing function. Five 
governing equations partition the incoming solar ra- 
diation into basic energ!' balance components and 
provide a description of the physical relationships be- 
tween them. The five equations for clear skies relate 
to absorption by the atmosphere H'. planetary albedo 
,4*. diffuse radiation d'. and ground absorption ( 1 
- a,)G* where a$ is surface albedo and G* is global 
rad iar i on: 

I - .4' = ]-I* + ( 1  - a,)G* ( 1 )  

I - G + d * = a - c i  ( 2 )  

( 3 )  A' = pu -+ ( 1  - a)a,G*( 1 - x u )  

,!* ( I - , ' i  - ( I -. ( 1  )d ( ; - f  - 1 4 )  

1i- = <:; ! -- ( I , ( ; -  ) .  ! -5 ) 

bcani \{ hicli is a h l r t d  3iid scattcrcd. r c s p : ~ ~ t i \  el!. 
whi le  p and t .  repi-ccn;  the fraction of radi21:dn t h 2 l  
IS  rfccti\.cl!, scatiercl: t u c k  I O  space and the bricLscat- 
itring of ground-reiicacd radiation. Contributions b) 
clouds assumed t o  bc additiw for absorption Pic'- 
ccsscs and distributi\ e for scattering processes. .i more 
complete discussion of the go\trning equations and 
necessar!' paramctenzations ma!' be found i n  L e t u u  
and Lertau ( 1969 ) and h r e  and Nicholson ( 1990 ) .  

Thc p>r~l l lCtcJS ( I  a n j  c denote that  pan 0;  : n ~  S O i 3 J  

c. E~~upo~~liriioro~ior,l!. 

The e\tapocliniaionom\, submodel is i n  essence a 
numerical solution to  the integration of the basic h>,- 
drologic balance equation 

P = E - .A' -+ d i ~ / d i .  ( 6 )  

where P i s  rainfall. E is e\,apotranspiration. .Vis runoff. 
and dn i /d /  is the change in soil moisture storage. Three 
basic assumptions. which are paramount to the model's 
simplicity. are described below. The original model 
appeared in  Lettau ( I969 ) .  

The basic premise of the model is as follous: 

I ) For a stationap' climate the long-term mean of 
d1?7/di is zero. that is. there is no  net change in soil 
moisrure storage. Thus 

P = E ; n ' .  ( 7 )  

In general. this assumption is most valid for the larger 
regions and the longer time periods. 

2 ) Evapotranspiration and runoff can both be par- 
titioned into immediate and delayed processes: 

( 8 )  
( 9 )  

where the single primes denote "immediate" processes 
occumng in the same month as the rainfall and the 
double primes denote runoff and evaporation of rain 
that fell in previous months. The  physical rationale for 
assumption 2 is the need to distinguish berw.een the 
time variations of E and A' coupled with concurrent 
precipitation and those supplied by subsurface mois- 
ture. which is dependent on rainfall from previous 
months. 

3 )  The  delayed processes of runoff >Ye' and evapo- 
transpiration E" vap  directly with soil moisture n7 such 
that 

E = E' + E" 
y = + 

~ " ' c z )  = Fni(i)/ni7 (10) 

~ " ( i )  = Enm(r) / r f i .  ( 1 1 )  

Equations ( 8 )  and ( 9 )  allow for the definition of a 
quantit!. called "reduced precipitation" (P'j. which 



rcprcscnis iiic 2nici:nt or tlw 111;:s rnpi:; i h a i  I S  noi 
lost ti! surliciii proccssn of ininicdi;:ic runof;' and 
c\.apotr:!nsi7ir.~ion 2nd i h u s  is a \ . ~ i l a b l c  for soil niois- 
i u r c  slorufc. Thcrcforc, 

( 1 2 )  

i n  \,ieu of the preceding discussior,. the roil moisture 
storage term is reduced IC) 

( 1 3 )  
The above equation ( 13) is solved using tu.o empirical 
concepts, "evapori\.ity" e* and "residence time" I * .  
which are subsequently defined and used to partition 
the immediate and dela\,ed processes. 

The s u m  orequations ( I O )  and ( I I ) yields an equa- 
tion that defines a neu. characterisuc dimensional pa- 
rameter: 

X" + E" = (F + F)t17/t~ = t ? i / r * .  ( 1 4 )  

where I *  = t G / ( A " '  - E ' )  denotes a time interval most 
conveniently expressed in months. Ph!4cally, f * can 
be interpreted as a "residence time" or "turnover pe- 
riod" that is characteristic of a basin and signifies the 
time required for a volume of water equal IO the annual 
mean of exchangeable soil moisture to be depleted by 
the "delayed" processes of runoff and evapotranspi- 
ration. The actual value of 1" is a function of soil type 
and the potential evapotranspiration rate (PET).  with 
higher PET values resulting in lower residence times. 
Residence time (Tabie 1 ) is calculared afier Serafini 
and Sud ( 1987) as a function of PET. the u4ting point 
(n7,;: the point at which the vegetation cannot absorb 
enough moisture to sustain itself and begins to wi l t ) ,  
and field capacity (ni lc) .  so that 

1) 1' - A* '  - E' ,  

dI?l/Gi = P' - ( I f . "  + E " ) .  

where 

(16 )  
0,. A =  

n1.lc - m,, 

and 

(17)  
In  the above equation. cy, accouns for variations in 
vegetation type. According to Serafini and Sud ( 1987). 
cy,, may have a value from 16 to 20 for forest vegetation 
types. while a value of 2 may be more appropriate for 
desen vegetation. Mintt and Serafini ( 1984 ) suggested 
using a,. = 6.8 1 IO cover most vegetatioa t!pes. Wilting 
point and field capacity are determined aher Szxton 
et a]. (1986) as 2 function of soil type (i.e.. percent 
sand and clay content). Finally. PET is taken from 
F A 0  ( 1984) and determined using a mociihed version 
of the Penman formula. 

The parameterization of immediate processes is 
likewise achieved using proponionalities based on the 

= 1 - e-"' 
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annual balance equations. For immediate evapotran- 
spiration ( E ' ) .  Lettau ( 1969 ) defined an additional 
characteristic parameter (e' ) .  termed the "evaporiv- 
it!..'' which is applied in  the  following equations: 

E ' ( r )  = P * *  P( I - cs)G*/ ( 1  - aJ)G* (18)  

E' = e* P .  (19)  

In the above. ( 1  - a,)G* and ( I  - u,)G* are the 
monthl!, and annual "forcing functions," that is? energy 
input via absorbed solar radiarian. Thus, e* is a non- 
dimensional measure of the capacity of the land surface 
to use a portion of the monthly solar radiation to evap- 
orate precipitation received during the same month. 
Tentative evaluations by Lenau ( 197 1 ) and others have 
suggested that e* will normally be between 0.2 and 
0.8. Lettau chose a value of 0.7 for New Delhi. a semi- 
arid subtropical climate with summer rainfall. com- 
parable to mosi of our stud!. sites. 

In  the stud! of the central Sahel b!! Nicholson and 
Lare ( 1990): caiculations were simplified by assuming 
A-' = 0. which is generally the case in semiarid regions 
(Eagleson and Segarra 1985). In order to more accu- 
rately treat immediate runofi. an approach originally 
proposed by Milly and Eagleson ( 1982) and adapted 
by Warrilow ( 1986) has been used in the current study. 
In essence, immediate runoff (Table 1 ) is a function 
of mean monthly rainfall rare. mean monthly infiltra- 
tion rate. and a proponionality constant based on the 
average fractional area of a grid or region in  which 
precipitation occurs. such that 

- -  

( 2 0 )  

Furthermore. immediate runoficalculations are treated 
like observations. and therefore. represent a loss of ef- 
fective rainfall input into the model. Rainfall rate is 

A71 = p e - a F / P  
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dctcrz-,inc6 using h ~ u r . l !  5 )  no211z obs~r \Ai ic~:1~ an<!  
d311\. prcclpiiatinn records ln!iP.r:iiiori rate. ;issiinicd 
j n w m n i  I \ '~ 'arnlnu I YSh 1. I S  reprcscnted LIS 3 function 
of t h c  h!drauIic conducti\ 1 1 ) .  H!draulic conducii\ it! 
is dcttrmined h! soil moisture content (iiiirncdi;ltc top 
soil su:face is assumed io bc satunted whilc infilmtion 
occurs 1. and h\ soil typc (1.c.. sand and clay conieni 1 
follo\\ing Saxton ct 31. ( 1586).  This raw. which is for 
bare ground. is niodified b!. \,egetaiion densit! and 
siructure and ground co\zer as in  Ra\vls et ai. (1985).  
Rawls and Brakensick (1989) .  and Wilcos e1 a]. 
( 1990). In  general. infilrration rates are higher for soils 
wi th  high u n d  content and lou*er for clay soils. They 
are also higher for soils where vegetation canop!'. 
ground cover. surface rocks, or leaf litter are present 
(Gifford 1984 ) .  Finally. thc proportionality constant 
a. is assumed to be 0.66 for convective rainfall after 
Eagleson et al. ( 1987). 

Runoff is calculated as a function of the graviutional 
drainage of existing soil water and the surface runoff 
due  to precipitation exceeding infiltration rate (War- 
nlou 1986).  T h e  annual mean delayed runoff A"' is 
determined using Saxton et ai. ( 1986). In doing so, i t  
is assumed that there is a single layer of soil with spa- 
tially homogeneous soil moisture: that is. horizontal 
movemenis of water are neglected. Gravitational 
drainage vanes wilh soil type. with larger values for 
coarser soils and  smaller ones for fine-grained soils. I t  
also increases with increasing soil moisture. Surface 
runoff js calculated as a function of the surface infil- 
tration rate and  is affected by the spatial vanability of 
rainfall. The use of a proportionality constant accounrs 
for the fact that although the entire region may expe- 
rience total rainfall that is below the threshold for run- 
OR: a cenain percentage of the area may recei\.e 
amounts gea r  enough to produce runoff in individual 
locations. 

The concepts described above transform the basic 
budget equation ( 6 )  into 

P - E' - A'' = E" - JV i- dtnjdl ( 2 1  ) 
= i n j ~ *  i dtnldr.  ( 2 1 )  

Subtracting the  annual average of all terms from the 
above equation (11) yields 

p ' ( t )  = (n7 - t f i ) / r *  + d(n7 - 6 ) / d r .  (3;) 

where p '  stands for the time series P - E' - h" 
- ( P  - E' - A") .  The o rd inap  differential equation 
is solved by 

nt - t7 = e - l l l -  [ const t- I P"'.p.dr] , (24 )  

where "const" denotes an integration constant that is 
determined by the requirement that the bracketed value 
(Le.. the annual mean)  of the right side must vanish 
for a srable climare. This equation is solved using s t e p  
wise integration. staning with an assumed initial \value 

Dcr-ivation of spatial patterns O T  rhe surface water  
balance parameters requires more derail than that  pro- 
vided by the  nine \\'est African and t h e  six southern 
African base stations in  the analyses thus far described. 
To produce the spatial fields, addiijonal stations were 
selected from the rainfall archive. Each was grouped 
with the base station most cliniaricall! similar to it. 
Ancillanr daia for the appropriate basc station were 
then used for each station in  the group. However. local 
information on rainfall. vegetation. and soil tl'pe was 
utilized for each surion in the netu-ork: thus  permittjng 
reasonable approximation of spatial fields for wet and 
dry years, while keeping the required additional data 
input to a minimum. Thus. the model was run for 
each station using input for the appropriate base station 
together with the precipitation, soil type. and vegetation 
type at the station itself. 

3. Data and climatic background 

a. General clitnarolog!. 

This study focuses on the semiarid Sahel and Kala- 
hari regions of Africa. and regions in geographical 
proximit!.. The Sahel has been defined in numerous 
ways in the literature. In the strictest sense, it is the 
latitudinal belt south of the Sahara, composed of sa- 
vanna vegetation and w j t h  rainfall ran@ng from about 
100 m m  yr- '  in the north to about 400 m m  yr-'  in 
the  south. Here. the term "Sahel" is loosell. used to 
denote the u,hole semiarid zone south of the Sahara to 
a latitude of roughly 12"-13"N. Mean annual rainfall 
ranges from abour 500 m m  yr- '  in the north to 1200 
m m  y r - '  in the south (Fig. 3a ) .  In lhis region. the 
rainy season. which is limited to the summer or "high- 
sun" season. becomes increasingly shorter with in- 
creasing latitude. ran_Ping from about I to 5 months. 
In the Kalahari. the rains likeaise occur in the high- 
sun season and lasr about 5 to 6 months. In most areas. 
mean annuzl rainfall (Fig. 3 b )  is on the order of 250 
to 600 m m  \T-' .  Rainfall is well distributed over the 
season, but strongly concentrated in the two or three 
wettest months in  the Sahel. Hence, peak monthly in- 
tensity is greater over the Sahel, 200 to 300 m m  mo- ' .  
compared to 100 to 200 m m  mo-'  at most Kalahan 
sta ti ons. 

There are two other major climatic differences be- 
tween the Sahel and Kalahan. First. as a consequence 
of  the Kalahari's higher latirude. its radiation r egme  
is more typical of the midlatitudes than the tropics. 
with a more pronounced annual march. This has im- 
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The patierns of climate described above are i l luc-  
trated in  Fig. 4. uh ich  sho\vs the major forcing func- 
tions of the model: solar irradiance ( the  short\va\pe 
model ) ,  ground-absorbed solar radiation. and  precip- 
itation (e\,apoclimatonomy ) .  Extra-airnospheric solar 
radiation is calculated from standard fcirmulas (Sellers 
1965) using Fourier series-type expressions for eccen- 
tricity and the solar declination after Spencer ( 197 1 ) .  
Ground-absorbed solar radiation is calculated using the 
shortwave submodel. as described full! i n  Lare and 
Nicholson ( 1990).  The  rainfall data derive from 2 

continental archive described in h;icholson ( 1986).  
Significant contrast is apparent between the Sahel 

and the Kalahari. The increasing intensir?. a n d  duration 
of the Sahel rainy season from north to south (Fig. 4a ) 
is clearly evident. as is the change to a bimodal seasonal 
distribution south of the  Sahel (i.e.. at Tabor. circa 
10"N). The peak intensity reaches at least 300 m m  
mo-I in all but the driest stations. lr: the Kalahari. 
high rainfall is maintained for a longer period. but it 
barely exceeds 100 m m  month- '  ai any but the vr'ettest 
station. In the Sahel: the portion of the extraatnio- 
spheric solar insolation which is ulrimatel\. absorbed 
by the ground is somewhat smaller than in  the Kalahari 
(Fig. 4b ) .  In  many Sahelian stations, ground-absorbed 
radiation actually reaches a minimum during the rain!- 
season, as a result of cloud cover: and is somewhat 
lower than the amoun t  received in the Kalahari during 
the  rainy season. In the Kalahari. ground-absorbed ra- 
diation reaches a maximum during the rainy season. 

c. AnciNan. data 

The input data required for model parameterimtiom 
in the shortwave model include atmospheric constit- 
uents. aerosols, cloud cover: and surface albedo (Table 
2 ) .  Water vapor was obtained from F A 0  ( 1964):  
ozone, carbon dioxide, and  oxygen were derived from 
standard sources (Sasamori et al. 1972: Lacis and 
Hansen 1974; London et al. 1976). Rayleigh scattering 
(Bird and Hulstrom I98 1 ) was calculated from relative 
optical air mass. after Rodgers ( I967 ). Monthly mean 
cloud cover was obtained from Warren et al. ( 1986).  
Although significant errors in ground-absorbed solar 
radiation. on the order of 3% IO 9% in the dn .  season 
and  10% to 19% during the wet season (Lare and Nich- 
olson 1990), occur as a result of a ~ 2 0 5  error in cloud 

I. k , , . ~ ~ : ~ ~ i i .  ..- 1 1 1 ~  cfi;;: 0 1  ::.,c\c ci-rors o:-. :!i:, :\ ;?jv)- 

t o n ~ ~ ! i i !  s ubmodc; : <  pr! m:in I! ni:!ni ILY~.CJ :is :A 
~ ~ i i d i i l ~ t i ~ ~ ~  in  t h c  Lin:;~.itudc' 01' thc  : i n i i t : ~ !  c!,cIc 
( Z : ~ h o l s o n  and  L>srr' lqb,1 1 .  Surfacc albedo \\L< taken 
frcn! glolxil nioni!ii! fi-ids aeri\  cd b!, Dorn?zn and  
S c l i n  ( l9Y9 ) on t l i c  bas~s of \'egetation 1) p:. .-\i:hou_rh 
t h e  grid for thesl: is c m r w .  4" >: 5 " .  sensiti\,i~! studies 
rur ,  i n  t h e  modcl indica;.: that albedo errors 3s large 
ns 5 0 5  rcsulicd in soil moisture diffcrenccs of jess than 
5:: ( Nicholson and Lars 1990). .Aerosols were \'cr\' 
roughl!. estimaicd based on rcgrcssions relating rainfall. 
visi bil i t !,. a 11 d turbid i t 1 , 

I n p u t  data required for the e\~apocliniatonomy sub- 
model include vegetation c o \ w .  soil texture. potential 
e\.apotranspiration (PET 1. and e\apori\.ity e'. Vege- 
tation cover \vas derived from Dornian and Sellers 
( 1969 ). soil testure from FAO/UNESCO ( 1977 ) .  and  
PET from FA0 ( 19S3). Evaporivity u a s  the most dif- 
ficult parameter to quantify. Tentative e\*aluations b!, 
Lettau ( I97 1 ) and others ha\'e suggested i t  \ \ i l l  nor- 
nizll!. lie between 0.2 and 0.8. with 0.7 being typical 
of 2 senliarid subtropical climate \+pith summer rainfall. 
T h e  \,slues used here were determined empirically. us- 
ing results of previous studies (Lettau 1971: Pinker 
a n d  Con0 19S7: Nicholson and  Lare 1990). 

4.  \lode1 results 

The model is initiall!. run for each of the stations 
shown in Fig. 2. The input variables are assumed to 
be representative of long-term (i.e.: multiyear) means. 
T h e  only highl!. \-anable input parameter is rainfall. 
and the mean \~alues used in the model are averaged 
o\'er the entire length of record a t  each station. In nearly 
all cases. the period of record is from 192 1 to 1984 or 
longer. Thus. the model results represent averages for 
an approximately 60-yr period. On this time scale. t he  
assumption of a stable climate ( d m / d !  = 0 )  is quite 
reasonrble. 

Once the mean model output is derived. the model 
is rerun for each station. using as input for the "wet" 
case the month]!, mean rainfall averaged for the 10 
u m e s t  years at each station and  for the d q  case. t he  
mean for the I O  driest \.ears. Other input parameters, 
such as cloud cover and aerosols, remain unchanged. 
h'ext, the model is adapted to derive spatial fields of 
the major output variables: ET. soil moisture. and run- 
05. Simplifications incorporated in the model to facil- 
i u t e  this are described in section 2d. 

The assumption of no systematic changes of cloud 
co\.e; from d n  to wet years u.as found to be true for 
n'iame?. a typical Sahelizn station. This is due to the 
faci that not all dsturbance lines that traverse the region 
are rain bearing: some are accompanied by nothing 
more than an increase in cloudiness. Furthermore. the  
difierence between a wet year and  a dnr  year is primarily 
due to the  occurrence. or lack thereof, of as few as one  
or two intense rainfall events. The  assumption of in- 

I 



Figure i sho\\,s thc results of the w t  and dr! csscs 
for Sal~eli?n siations. hlcan rair,thll I'or each period is 
giwn for each station. together u.ilh ~nodcl-calculated 
soil moisture. e\,apotraiispiratioii. and runof .  Except 
for ihe 1 \ 4 0  sou thernmos~ stzrions. the reduction in 
rainfall in  the dry years is essen~iall!~ limited to the two 
or ihree nettest months (Jul!  to September).  This is 
true even for stations wirh a considerably longer rain!- 
season. At the coast (Tabou) .  \< here t\vo rain!, seasons 
are apparent. the later rain! season is most affected 
during t h e  dry years. This includes the nionths of A u -  
gust and  September. which IS  also \+*hen rainfall is re- 
duced ai Sahelian stations during the dry years. At  the 
three st2:ions most comparable 10 rhe Kalahari (Ts- 
Iioua, Niame?.. and Ga>,a). rnzLinium nionthl!. rainfall 
drops from about 200 to 300 m m  in the wet years IO 
about 100 IO 150 m m  during the dry years. From 
Agadez to Manso, maximum rainfall occurs i n  August 
in both d n  and  wet years. 

A t  the northernmost stations. these changes are re- 
flected primarily in evapotranspiration (ET) and soil 
moisture. Evapotranspiration reaches about 100 to 150 
mm mc-I  in the rain!. season during wet years (except 
at Bilma) and  soil moisture at the same time is on the 
order of 75 to 200 mm.  Both are reduced in the \vet 
season by about 50'% i n  the dry years. The changes. as 
u.ith rzinfall. are mosi apparent from July io Septem- 
ber. Soil moisture tends to peak about 1 month afier 
rainfall in both dq.  and \+lei years. while ET peaks i n  
tne same month  as rainfall. It  must be noted that the 
soil moistures depicted in Fig. 5 represent the sum of 
soil moisture available for e\,aporative processes and 
that unavailable due io strong adhesive forces (i.e.. re- 
sidual water conrentl .  For example. even though soil 
moistures at Bilma are highei than those at some wetter 
climates farther south. almost all of the soil moisture 
is residual and thus una\,ailable for evaporati\,e pro- 
cesses. Residual \vaiei content is determined afier 
Rauls and Brakensiek ( 1919 ) as a function of percent 
organic matter contenr. percent clay contenl. and cat- 
ion exchange capacit!.: all of which are taken from 
FAO/UNESCO (19-7) .  

An interesting change occurs at Gaya. where mean 
annual rainfall is 8-19 mm. There. the change in  ET 
and soil moisture from wet to dr\. years is considerabl!, 
smaller than farther north: south of Gaya the!. are vir- 
tuall? invariant. Instead. rainfall changes are mani- 
fested primarily in  runoff. .41so. from Gaya southward 
both ET and  soil moisture tend to peak 1 month after 
rainfall. Another interesting change is apparent in going 

(COJ2lp3JCd 1 0  2 Or .; 111 I h C  %hCl 1 .  :'3lSO. t h C  n l o n l h  O f  

nix.iniuin rainfiil! rends to shift from .lanuar\. i n  wct 
years to Decembcr o r  Febru;ii?' i n  d;?, ..is i i i  \\;est 
Africa, monthly r2infall is about !O(? lo\\er during dr!, 
years. 

Changes of ET and soil moisture zrt' likeu,isc ap- 
parent in  all nionths of the rainy season. At all sis 
srations. ET reaches about 7 5  10 100 n ~ m  mo- '  during 
\\'et years: soil moisture. about 50 to 150 mm. except 
ai  Li\,ingstone. \s.here i t  reaches about 400 m m  in the 
wettest months. Both are reduced b!, roughl\, 50% dur- 
ing d n  years. I n  gcneral. ET and soil moinure are 
higher in  the Sahel than i n  the Kalahari. The  annual 
march of ET parallels that of rainfall. but soil moisture 
tends to peak 2 to 3 months afier rainfall at drier sta- 
tions. 1 IO 2 months later ai wetter stations. The  timing 
of maximum soil moisture shifts 0111). slightly during 
the drier years. In general. runoff is IOU.  at the Kalahari 
stations and is close to zero at all of them during d p ,  
years. Large chznges of runoff occur primarill1 at the 
two wettest stations. Bulawayo and Livingstone. Pre- 
sumabl!.: this would be different if \\letter stations 
farther nonh u e r e  examined. 

b. Spaiial pa!icrm q f h . ~ d / d ~ g i c  i-ortohles in dq. and 
\c'Ci ):ears 

Figure 6a sho\vs the difference bet\veen the ten wet- 
lesi and ten  dnest years jn t h e  Sahel. L'alues are given 
for Augusi. t h e  \vettest month. for rainfall. soil mois- 
ture. evapotranspiration. and runoff. In inlerpreting 
the results. i t  must be kept in mind rhat the  difference 
fields are related not only to the precipitation differ- 
ences in Augusi. but also to those of previous months. 
In  much of the Sahel the  contrast in  rainfall exceeds 
100 m m  mo-I.  but to the south rainfall differences are 
small or negari\Ne. The  corresponding changes of soil 
moisture are in  excess of 20 mm for 2 large zone ex- 
tending from about 12"N IO 18°K. .A large difference 
in evapotranspiration is evidenl o\.er a grealer area: in 
excess of 20 mm m o - '  i n  a zone roughly extending 
from about I3"N IO 20"N. in excess of 50 m m  mo-I 
throughour most of the area berween 14"N and 18"N. 
Since differences of the opposite sign prevail north and 
south of about 1O"N. there is a strong change of the 
meridional gradient of soil moisture and ET between 
wet and d p .  \'ears. The  contrasl in runoff between wet 
years and d?  years is on the order of 50 to 100 mm 
m o - '  throughout much of the  Sahel from about 1OG5 
to 15°K. Funher south. runoff is reduced. by over 50 
m m  mo-' in some areas. 
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TABLE 2. Parameters necessary for model input, 
as well as source used in study. 

Paramerer Source 

Shonu’ove rodioiion submodel 
Sl;i?ace albedo Dorman and Sellers (1989) 
Cloud cover Warren e1 al. ( 1986) 
Rayieigh scanering Bird and H ulstrom ( 198 1 ) 
Opdcal air mass Rcdgers (1967) 
H:Ov Lacis and Hanwn (1974); 

F A 0  ( I  984) 
COl Sasamori el al. (1972) 
0: Sasamori el a]. ( I  972) 
0 3  Lacis and Hanxn (1974); London 

el al. (1976) 
Evapoclimruonomy submodel 

Vegution cover 

PET F A 0  ( 1984) 
Evaporiviry (e.) 

Dorman and Sellers ( 1989) 
Soil texture FAO/UNESCO ( I  977) 

Lenau (197 I ) ;  Pinker and Con0 
(1987); Nicholson and 

! Lare ( 1990) 

The precipitation difference between wet and dry 
years in the Kalahan (Fig. 6b)  is roughly comparable 
to that of the  Sahel both in magnitude and in size of 
the affected area. Important contmts are evident in 
the difference fields for other hydrologic variables. 
however. In most of the area. the difference i n  soil 
moisture between wet and dry years is less than 10 
mm, and the difference in ET seldom exceeds 30 m m  
mo-’ . Furthermore, the change of latitudinal gradients 
that are apparent over the Sahel are not apparent over 
the Kalahari. Also. the wet-dn contrast in runoff ex- 
ceeds 50 mm mo-’ in only a few locations. 

An interesting feature occurs. in particular, over the 
northern Kalahari region, with respect to the water 
balance. Although the region has significant& higher 
rainfall in wet years compared IO dry years (on the 
order of 50 to lo0 mm mo-’ ), evapotranspiration rates 
are lower in wet years than in dry years. This is pn- 
marily due to a larger percentage of rainfall in wet y e a n  
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being lost as immediate runoff, a direct manifesiation 
of equation (20) if monthly mean infiliration rates are 
fairly low. 

Overall, the contrast between the Kalahari and  
Sahel is probably primarily a result of timing, du-  
ration, and intensity of the rainy season. The season 

is longer, and of lower peak intensity in the Kala- 
hari, and it occurs, unlike in the Sahel, when ab- 
sorbed solar radiation is at a maximum. The mag- 
niiude and spatial coherence of the rainfall anom- 
alies also differ to some extent in the two regions, 
however. 
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c. Meridional gradienrs oflalenf hear in R’esr Africo bances. the African easterly jet ( A n ) ,  is a direct man- 
berween \vel and dry years and lheir consequences ifestation ofland surface processes. This jet, essentially 
West Africa is somewhat unique in that the dynam- an easterly wind maximum of about 10 m S - ’  , with 

ical system most closely linked to rain-bearing distur- its core in the miduoposphere at about 650 to 700 mb, 



3 ~ ~ ) I ~ ~ ~ ~ ( ~ ~ I c ~ I I L ~ L ~  of t l ic  tc1i:p<'ratui-c g:sdic.:-:t h c ~ \ \ e c i i  
the s~j):iJ;l (Icwrt and th i .  i'oolcr Gbinc:! COLISI and 
.-itlantic. O(.c:1!1 10 the S O U i h .  The  AE.1 is stt-oiigc'st ;it 

about 15'". 
The ic i  p o \ i d e s  t h e  cn i . rg  and instabilit!, for the 

de\ylopmcnl. maintcnanc?. and propagation of the  
r ~ i n - p r ~ ( l i l ~ l l l ~  disturb3nci.s in the rcgiclrl. Cloud clus- 
tcrs pro(jucc :ibout 90% of the rainfall i n  the SLihel: 
their freqiJclIc'!'and the aniouni of rainfall the!, produce 
is modul;itctl h!. transient easterl>, wa\'es (Houze  and 
Belts 198 I ).  'I'hc westward-propagating \4'aves onginate 
as a COnScqucnce of the join: baroclinic-barotropic in- 
stability associated with the horizontal and venical 
shear of tlw AEJ (Burpee 1973; Albignat and Reed 
1980). and 1hcy are therefore confined to a relatively 
narrow latiiirdinal zone nezr and south of the jet core. 
There arc consistent changes i n  intensity and shear of 
the jet bctwccn wet and dr\. years. u i th  the jet (and  
shear) being stronger during dry years (Newell and 
Kidson 1084 ). Since the diiierence between an  abnor- 
mally wct 01' d n  rainy season month can be accounted 
for by as Ikw as one  or two intense disturbances, and 
rhe most inlcnse systems are associated with easierly 
\\.aves produced from the AEJ, the character of t h e  
rainy sysicm is very sensiti\.e Io fluctuations in the jet. 
A S  the relcv;il1t jet shears and intensity are a function 
o f the  north-south temperature gradient in the region, 
the jet should be modulated by land surface fluxes such 
as latent k a t .  Thus. any land surface changes that are 
induced h y  ;inomalous we1 or dr). condirions should 
affect thc s~lrlhce radiation balance. and thereb!.. the 
AEJ. This in turn may result in the  hypothesized pos- 
itive feedback effect. and thus,  enhance or prolong ex- 
isting we1 0 1  d v  conditions. 

We have csamined the larirudinal gradient of latent 
heating in WCI and dry years along the transect shown 
in Fig. 3, using the nine Sahelian stations. The  contrast 
between wct years and  dr\. years is strong enough to 
affect the spccd of the jet (Fig. 7 ). In the wet years. the 
latent heat flus to the atmosphere has a maximum at 
about 12"N 10 13°K in July and September. and at 
about 15"N in .4ugust. The largest contrast between 
wet and dry years is apparenr in August. In  dry years. 
the maximu111 latent heating is at 1O"N to 1 1 "N in all 
months and there is little difference between wet and e yean  from there southward. Latitudinally. the wet/ 
d p  contrast is largest at about 15"N in  August and at 
aboui 11" OJ 13"N to 1 6 " s  in July and September. 
The flux of heat in these latitudes is about 4 to 0 
5fJ m-' d;j!.-' larger in wet years than in  d n .  years. 

I i  is djflicull to assess the effect on the .jet without a 
detailed model of atmospheric heating. Moreover. the 
differences in latent heat fius can act as a feedback 
mechanisin producing interannual persistence only if 
it can be demonstrated that the heating anomaly per- 
sists until  thc following rainy season. Nevenheless, a 
rough estimatt can be made of the eKect on the jet's 
core speed and shear by considering the thermal Mind 
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FIG. 7 .  Surface ~IUA or latent heal as a funcuon of laiiiude in  Jul!.. 

Augusi. and Sepiember in  the len weiiesi (solid) and ien dries1 
(dzshed) years i n  t h c  Wesi Arncan Sahel. 

equation and making cenain assumptions about at- 
mosph e n  c h eati ng. 

The jet is a consequence of the temperature gradient, 
the relevant thermal wind speed L' being computed 
according to 

\\.here (dT/d!.), is the mean latitudinal temperature 
gradient in the layer between pressure levels Po and 
PI. R is the gas constani for dry air, and Jis the Coriolis 
force. As the midtropospheric temperatures are higher 
to the north (Le.. over the Sahara) than to the south. 
the thermal wind ( and  the j e t )  is euterl!.. 

Using the climatonom!8 output of surface temper- 
aiare. two-meier air temperature. larent heat flux, and  
sensible heat flux. mean temperature profiles are de- 
ri\.ed for nine latitudinal bands. each corresponding to 
one of the base stations along the rransect in Fig. 3. 
Appropriate means are derived for the bands using ad- 
dirional stations as described in section 2d. Calculations 
are made only for August. From the surface to the top 
of the  surface layer (assumed to be 1/10 the height from 
the surface to the lifting condensation level). sensible 
heat flus is used to determine atmospheric temperature, 
as in Lettau and Lettau ( 197s). From the top of the 
surface layer to the lifting condensation level. that is. 
the mixed layer. a dry-adiabaric lapse rate is assumed. 
Once the  lifting condensation level is reached. the tem- 
perature profile is assumed to follow a pseudoadiabat, 
which is determined using moist static energ!.: an  ap- 
proximately conserved quantity during a convective 
process. For simplicity. no entrainment zone OJ upper- 
level inversions are incorporated. Inherent in the sur- 
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l h ~ '  :\fJiC2n c:l\lCrl! j C 1 .  '1 I l C  C : l IC~ t !a l~ '>  i l l ~ ~ l l ~ l l l d ~ S  O f  

tiiesc chanrcs arc  consistcr?i \\ ' lt:i  t h c s -  obscl.\ ed I.! 
?.cwcll a n d  Kidson ( 1C)S-l ) i n  3 s:ud! : L ~ n t r ~ s t i n g  wci 
and dr!, ! e r s  in  thc S3licl. 

The calculritions n r r c  perl'ornid for thc  pt':ik rain! 
sc;ison months. The!, suggcs~ thar ihe  zsgnitudr.  o f the  
change in surface energ! balance bcI\icen 3 nct and 
d n .  ycar is largc enough to significani!! afrect rhe gen- 
eral atmospheric circulation. and ihercb!.. t h e  rain- 
bearing systems. Ho\s.ever. for this to pro\,idc a feed- 
back mechanism that can produce t h t  characteristic 
interannual persistence of  Sahelian rainfall anomalies. 
there must be a "memoq," extending IO the following 
rainy season. A more detailed aimospheric model is 
required to test this hypothesis. 
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dr! !tsars. 
Since ;he gradicni n f  Iatcn: heating f r o m  soutli : ( I  

lion" ( ~ ~ O U I  12" or 1-7's to ! S c Y ' )  Is 1lic iii\crsc o f  
t he  ieniperature gradient. the $harper gradicni d u r i n g  
we;  !ears acts 10 reduce t h e  tempcrature y a d i c n i .  
thereb!. \\peakening the  j e t  and iet s h c i r  i n  \+e1 !'ears. 
This is consistent with the veakcr iet  and .iel shear 
observed by Xewell and Kidson ( 19b.1 ) i n  \+'et hears. 

T a b n g  a linear least-squares fit O f  1 h C  tcmpcratures 
at Ihe 700-mb level for ihe nine latiiudinal bands cen- 
tered at 15"N, as calculated above. corresponding geo- 
strophic winds are calculated wi th  the aid of Eq. ( 2 5  ). 
The calculations indicate a \wakening of the  African 
easterl!,jet on the order of  2.6 m s - '  between dry and 
wet vears. That shown b\. Ne\s.ell and Kidson ( 19S4) 
is about 2 m s - ' .  At  10"N. Ne\vell and Kidson shour 
a decrease of over 4 m s - l .  Our results shou, a decrease 
approximately twice tha t  amount.  At this latitude. 
however. the Coriolis force is ver!' small and the ther- 
mal wind calculations are therefore highl>r sensitive to 
the nonh-south temperature gradient. Any slight dis- 
crepancy in the temperature gradient between that cal- 
culated and that observed will have a dramatic effect 
on the magnitude of the thermal wind speeds. A more 
detailed discussion of the effects ofdifferences between 
wet ana  d n  years o n  latent hezting and on the African 
easterl!. jet will appear in a later article. 

5. S u m m a r y  and conclusions 
The Lettau climatonomy model was used to examine 

the temporal and spatial effects of the Sahelian drought 
on land surface feedback. This was compared with the 
Sahelian Southern Hemisphere counterpart. the Kala- 
ha r i  a region subject to similar large-scale atmospheric 
forcing. but laclung the Sahel's decadal persistence in 
rainfall anomalies. The effec; of surface energ!. flux 
modification upon the midtroposphenc winds. in par- 
rIcular rhe Afncan easterlyjet (AEJ) .  over Wesi Africa 
was also explored. It is known that the AEJ is respon- 
sible for the development and maintenance of the N'est 
African disturbance lines. which bring most of the pre- 
cipitation to West Africa. 

These model resulrs indicate that there are significant 
differences in the surface water balance between d n .  
and wet years. The  changes in the Sahel are more in- 
tensive, larger in spatial scale. and  more spatiall!, co- 
herent than those in the Kalahari. Thus, the possibilit?. 
of land surface-atmosphere feedback is higher in the 
Sahel than in the Kalahari. In drier regions. increased 
rainfall is manifested as higher soil moisture and ET. 
In wetter regions. it is manifesred primarily as increased 
runoK. 

South of the Saham h i s  tends IO decrease the surface 
gradient of latent heat exchange with the atmosphere 
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ABSTRACT 

Two satellite algorithms for rain estimation are used to study the interannual variabiliiy of Wes: .African 
rainfall during contrasting years of the  penod 19s:-88. The first algorithm cses a frequency ofoccurrence index 
quantifying the number of times Meieosat thermal infrared radiance belau 2.107 W rn-: sr- '  ,urn-' (-40°C) 
occurs during the rain! season. The second alEonihm uses the average Meteosu thermal infrared radlance o \ e r  
h e  period of meres;. .Appropnate calibraiions 2re performed using these satellite parameters and ground-based 
rainfall observaiions. Separate calibration and equations are considered for each of three suggested subrainfall 
zones in West Afriu: two Sahelian zones located just nonh of 9"N (one easi and one west of 5"U'j and the 
region extending south from 9"N to the coast. Over 80% of the variance in  the ground-based rainfall data is 
explained by both algoriihms i n  regions locaied nonh of 9"N, but poor correlations between obsened and  
estimated rainfall exist south of 9"N. The interannual variabiliiy of rainfzll in the Sahel is well descrjbed by 
that of cold clouds and average radiances. The satellite estimates also reveal substantial longitudinal variabiliry 
in  the anomaly fields. indicaiing that some Sahelo-Soudanian areas may receive above average rainfall during 
a year cataloged as d n .  T h e  latitudinal displacement and the extent of the cloud band associated ui th  the 
intenropical conveQence zone ( ITCZ) .  as deived from cold cloud indices. indicate a northward displacement 
of the ITCZ in some. but not all. wei years in the  Sahel. No systematic anomalous southward displacement of 
the ITCZ is evident in  dr\. years. Drought in the Sahel appears to be more closely linked to the latiiudind extent 
and the iniensity ofrhe convection within the ITCZ. 

1 .  Introduction 
The Sahelo-Soudanian region of West Africa often 

experiences catastrophic droughts, as evidenced by 
large negative anomalies in  longterm records of annual 
rainfall (e.g., Tanaka et al. 1955: Bunting et al. 1976: 
Nicholson 1989; Ward 1992 ) .  Since 1968 a prolonged 
drought has plagued the region. with maximum rainfall 
deficits occumng in 1972-73 and 1982-84 (Nicholson 
1993). Following the first drought maximum. rainfall 
increased until the mid-1950s and it was commonly 
believed that the drought had ended. However. later 
observations (Nicholson 1983: Lamb 1982, 1983) in- 
dicated otherwise, revealing our lack of knowledge of 
the mechanisms at work. 

Drought in the Sahelo-Soudanian region is a com- 
plex and multifaceted problem. Consequences are dra- 
matic for human populations because the droughts are 
so intense and persistent, and because in that region 
vegetation growth, which includes primary production 
and aggiculture, is governed by water availability. Ef- 

Coneswnding aulhor address: Dr. Mamoudou B. Ba, Depanment 
of Mermrology-3034, The Florid2 State Universiiy, TaIlahi~.;see, 
R 323063034. 

fects on climate resulting from changes in vegetation 
cover are also potentially significanr. Large-scale rain- 
fall deficits destroy plant cover, reduce evapotranspi- 
ration. increase surface albedo, and alter other aspects 
of the water and energy balance (Lare and Nicholson 
1994). This could modify the region's weather systems 
and precipitation patterns through feedback that might 
reduce rainfall even further (Charney 1975). The pos- 
sibility of such feedback is real, as various numerical 
studies have indicated (e.g., Charney et al. 1977: Shukla 
and Mintz 1982: Xichoison 1988, 1989). 

Studies have shown that numerous processes and 
factors. acting on various space scales and timescales, 
influence rainfall variability in West Africa (e.g., Kid- 
son 1977; Kraus 1977; Kanamitsu and Knshnamurti 
1978; Lamb 1978a,b, 1983; Nicholson 1980: Newell 
and Kidson 1984: Folland et a]. 1986; Lough 1986: 
Palmer 1986; Shinoda 1990a.b; Janjcot 1992qb; Lamb 
and Peppler 1992; Ward 1992). The  predominance of 
one process over another is not clear: linkages between 
local, synoptic. and regional or global-scale influences 
have not been well established, and some factors are 
clearly controversial. For example, some studies have 
concluded that rainfall deficits in  West Africa appear 
to be associated with a southerly displacement of the 
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, I-~llland C l  ; ] I .  I ) .  O r  El \iiio-Soi 
c;::stion (ESSO)  C\CT::S ( c.g. .  Sc.iiix;ti t't ._: I ~ s S :  
\\ Clltcr 1 OS9 ). but c \  idtLnce contradicting I:.,: ro i c  01' 
th:se factors has also br't'n prcscnicd ( c . g . .  Tsnak:: CI 

3: .  1975: Yicholson 19FU. ] ? S O :  liopclc\~sLi 2nd 1-1;1I- 
PK-I I 9 S 7 ) .  licsc:lrchers h a \  e :ilsn dcnionsi:~icd t h c  
j r p o n a n c c  of sucl: factors as the sircngthen::1~ ol'thc 
.Sincan easterly jet (.r\F_J ) and the  wcakcning of i h C  

Tropical easterl!, jet (TEJ ) (e.g.. Kidson ! 9:-: K2:ia- 
mitsu and Krishnaniuni 1978 ) .  a decrease ofthe nion- 
soonal flow (e.g., Lamb 1983 1. or the iniensiiy of the 
conveciion in the ITCZ (e.g.. Yicholson 198 1 :  Janicot 
1597b). 

I t  has been dificult to definit i \d\ ,  idcntif!, 152 causes 
of dry or u t i  conditions i n  \Vest Africci. \:an3bIlir!. i n  
\!'est Africa's atmospheric circulation. characterized 
b! monsoon flou, in  the lower layers. easterl!. jets in  
rh: upper layers. and convecti\,e acti\*ity i n  rhe ITCZ 
(Hastenrath 1984; Fontaine and Janicot 1992). has 
neither been completely described nor completel!~ un- 
derstood. hllodeling studies have been hindered b!. the 
coarse spatial resolution and crude convection schemes 
of general circulation models (the small-scale structure 
ofthe ITCZ cannot be reproduced). Perhaps more im- 
portantly. studies of rainfall variability are based on 
dzta from a network of stations that are une\.enly ais- 
tnbuted in space. sparse in critical regions. and/or  re- 
ported irregularly. 

Identifying the mechanisms that play a role in  the 
long-term evolution of the West African chmare. as- 
sessing the role of land-atmosphere feedback. modeling 
In3 effect of vegetation. and. consequently. impro\'ing 
borh our  understanding of and  ability to predici Sahel 
droughts all require a better database for the analysis 
of rainfall variabilit!,. A long time series of measure- 
ments with good spatial resolution and temp or all!^ 
consistent coverage is necessan.. Because of the large 
\ziabil i ty of rainfall on shon space scales 2nd time- 
scales (e.g., Thauvin and Lebel 1991 ). i t  is ofien im- 
possible to obtain a sumcient rainfall dataset over \vide 
areas from a conventional rain gauge network. Dense 
n tworks  exist, such as the Estimation of Precipitation 
b! Sarellite-Niger ( EPSAT-Niger ) nenvork (Cadet and  
Guillot 1991 ): but they are scarce and. b!. definition. 
limited spatially. 

In contrast: satellite observations provide spatial 
coverage on a regular basis, allowing one to follou* the 
convective activity responsible for most of the rain in 
\+'est Africa, which is ofien organized in the form of 
propagating squall lines (e.g.. Otomosho 1985 1. To be 
wful though. satellite observations must be interpreied 
in  terms of rainfall. a task that requires careful Cali- 
brziions against ground-based measurements. The task 
is not easy because the algorithms, which are generall?. 
crude statistical relationships (Barren and Manin 198 1; 
Ba 1990),  strongly depend on the rain gauge dataset 

cit.rr.f.L.rc:..: .:!I.:. :h:.rcio;c. :ire ::;itli; ::ii(i,  oI !L.ar si>:- 
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In i h i q  p p ~ . : .  nr c\ ; I I U L I I C  ::r,> accurstcl \  calihrd;: 
. ~ i I y t i ! - i t I ~ n i \  suit3t>Ir for t l ic stud! (11'  th:, 

iiiicr;iiinc~! \:iri~l~llit! of seasor.31 rainfall i n  \Vest 
I-ica using \lctcosat data  for 111~ period lq8-3-88. Onc. 
algoritlin? I S  bawd on cold clo:d-iop frequent!,: the  
other is b s s ~ d  011 a\'cragi' ther::-,al infrared radiance. 
\\'c coii?ji;rc thi. satc.lliic cstin:c:es \i,iih rainfall mea- 
surci i ie i i t~  from LI surface rain g ~ 2 g e  net\\:ork. Throud,  
th i s  conipsrison. w e  point ou: the limitations of the  
satellite techniques. partIcularl! their general applica- 
bilit!. h4ost pre\ ious studies ha\ e dealt with individual 
years. \I'e will also examine ~~h: ther  the methods can 
adequaiel! assess interannual \-znabilir!t and  kthether 
t h i s  assessment is improved b! using those techniques 
instead of ground-based rain gauge networks. 

Since the stud!, is limited to six years, all of which 
are relaii\.ely drl.' (Nicholson 1093). and since the pe- 
riod includes onl!, one El Niiio. this dataset cannot be 
used to quantitaiivel!, Invesrig2te relationships with 
large-scale phenomena. Insiead. we aSsess the feasibilit!. 
of utilizing satellite data in such studies by focusing on 
three specific problem areas. one of \vhich relates to a 
suggested cause of West Afnczn rainfall variabilit!.. 
These include the  mean rainfall field over West Africa. 
the year-io-year fluctuations of rainfall. and  the loca- 
tion. extent. a n d  intensity of the ITCZ. W e  also ex- 
amine spatial \m-iabilit!r in  seasonal rainfall, including 
efYects on zonai averages. 

2 .  Area of stud! 

The regon of interest (Fig. I ,I is limited to conti- 
nental a r m  between 3O"N and 0' and 18"W and 30"E. 
I t  is characterized by a wide range of vegetation zones. 
occumng in narrow latitudinal belts with various types 

0 10 20 30 -1 0 
Lalitudc ( O )  

FIG. 1 .  Climatic zones and  vegetation Cistriburion in West Africa 
Typical J a n w  a n d  July ITCZ locaiions are  plotted as solid and 
dashed lines. respectively. O n e n u t i o n  map indicates three suggested 
rainfall zoneS in \+:ai Africa: two Sahelian zones located just nonh  
of 9°K. one west of 5 'W (region I ) .  the other east of 5%' (region 
21. and a repon extending southward from 9"N IO the equator (region 
3). 
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10 the  annual migration of r h c  ITCZ (scc  Fig. 1 for, the 
typical January and J u I >  ITCZ locations). 

Tile source' of nioIsIurc in i h c  region is some\ \ . l~a i  
controi.ersia1. wjth \arious siudics suggesting tile Gulf 
of Guinea. ihc Indlan Ocezn. and e\'en t h e  hqedjter- 
ranean (Neu.ell  and Kidson 1979)  as critical source 
regions. A large pan  of the \!'ater \'apor in  the Iou*er 
la!,ers origin3tes from the Gulf of Guinea (through 
evaporation ) and is ad\,ecied into t h e  ITCZ b!, the ]OW- 

level (belon 700 h h ) .  soulIi\r~esi flou, of the African 
nionsoon (Lamb 19s; ) .  Some of this water \'apor is 
lifted up ufhile moving n o r t h ~ ~ a r d .  feeding the A E J  ai 
700-600 hP3. \4hich also acquires its moisiure from 
eastern and central .4frica (Cadei and Ynoli 1987).  
Several studies have shown that. ai upper Icvels. the 
TEJ also feeds the region \villi moisture from the Indian 
Ocean (Flohn 1964: Se\vell and h d s o n  1979: de Felice 
et al. 1983). However. the diagnostic stud!, of Pierce 
and Mohanry ( 1984) and rhe numerical simulations 
of Joussaume et al. (1986) suggest that ad \wt ion  of 

1983 

moisi air  f r o m  thc Indian Occan docs not grrail \ ,  aljsii 
\Vest Africa (sec alsir Cadct and Snoli 19$7 1 .  

The locaiion of \ar lous rainfall regimes rclati\t. to 
the a\'erage position of rhe ITCZ is described b!, Ger- 
main ( 1968 ) .  Far io ihe south of rhc ITCZ is an area 
of stable and gtnerall!~ dr! \xathcr:  to the  north is ihe 
region of ni:isinium convection. I n  the southern pan 
of this region. much of the rainfall is characrerized b!- 
isolaied thundersrorms imbsddcd in ihe humid. south- 
\vesierl!, monsoon flow. bul i n  the northern part. rain- 
fall tends to be associaied with organized s!nopiic and 
mesoscale s!'siems. Rain diminishes progressi\.el! 
northujard wit11 the northernniosi area reached b!. the 
ITCZ receiving rainfall on]!. rarel!.. 

The  convective acii\fit!. i n  the vicinit!, of the JTCZ 
is dominated b!, \vesru.ard-propagating mesoscale dis- 
turbances. Squall and nonsquall disiurbances are d ~ s -  
ringuished. but the former produce most of the rainfall 
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FIG. 2 .  Disinbuiion of rainfall reponing surions available dunng 1983-86 
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FIG. 3 .  Areal monthly mean rainfall for (a) repon 1 + 2 and (b) 
region 3. Vertical lines indicate one standard de\-iauon on either side 
of the mean. 

in the region (Otomosho 1985 ). Few systems maintain 
themselves over more than a day (e&. Aspliden et al. 
1976; Martin and Schreiner 198 1 ) while propagating 
westward. The developing clouds tend to aggregate into 
large areas of convective activity (sometimes called 
cloud clusters), which extend mendionally over a dis- 
tance of about 10 to about 1000 km with no preferred 
size (Toledo et al. 1992). Imbedded in the clusters are 
huge. deep cumulonimbus clouds, recognizable by their 
anvils, which form a cxnopy displaced down from the 
relative wind at anvil level. The heaviest rainfall is as- 
sociated with the cumulonimbus areas. Both the fre- 
quency of cloud clusters and the amount of rainfall 
associated with them appear to  be modulated by tran- 
sient synoptic-scale African waves (Thompson et al. 
1979; Houze and Bens 198 1 ), which propagate west- 

\{ drd. Thus. ihc rainfall IS iniiuencd b\' fmors  atircting 
t h c  \ \ a w s .  such as the  horizontal a n d  vcnical Mind 
shc3r a n d  latent hcat release ( Burpec 1977: X'nrquist 
et 31. 1977: .Albi.gnai and Reed 1 9 S O ) .  

Othcr factors. either of orographic nature or d u e  to 
thcrmal con!rasts. ma!' afiect t h e  rainfall patterns sig- 
nificantly. I n  the  Fouta Djalon region of Guinea, for 
insiance. t h e  effect of high mountains is to increase 
rainfall compared to th?: of surrounding regions. In 
coastal regions of Mauritania and lvor). Coast. on the 
contrary. the stabilizing effect of upwelling of cold water 
and cold ocean currents reduce rainfall l~call!~. 

Annual rainfall amounts vary from above 1500 mm 
in the forest zone to belou 50 mm in the desen (e.g.. 
Nicholson 1980 ) .  Interannual variability, expressed in 

2500, 

a 

* *  

. .  

b 

R 

FIG. 4. Scaitcrplot of F n a l  obsenred rainfall vs (a) 
and (b) R for region 1 + 2. 
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percentage of average values ( o r  coefficient of varia- 
tion ), exceeds 50% in desefl areas but is as low as 1 570- 
20% in forest areas (Nicholson 1980) and is far from 
homogeneous. Nicholson ( 1980) and Bhan ( 1989) 
have shown, for example, that the variability in the 
eastern Sahel is quite different from that in western 
Sahal. Janicot ( 1992a) and Nicholson and Palao ( 1993) 
have further demonstrated this difference and have 
identified three homogeneous sectors within West Af- 
rica that differ with respect to prevailing rainfall regime, 
intensity of coastal effects, and teleconnections to t r o g  
i d  circulations. Their divisions, although quite in- 
dependently derived, are markedly similar. 

In the present study, we investigate the accuracy of 

roughi! corrcspond i o  thosc d i \  I S I J ~ S  ( Fig. 1 ) ( scc~ion 
5:i) .  Thc  SI 2nd  scn)nii rcgionc I hcrealicr rcfcrred to 
as rcgions i and 2 1. locitcd hei \ \cen 9" and -XI'S. are 
roughl!, t h e  Sahelo-Soudanian sectors u.herc rainfall 
is goLcrned b!. squall lines and thunderstorms. Regions 
1 and 2 are dislinguished because of t h e  oceanic influ- 
ence in  the  former: the boundan. between the IWO re- 
gions is filed at 5"\V. The third subregion (hereaher 
referred 10 as region 3 )  is located betlkteen the equator 
and 9°K. 11 is afected mainly b\' the localized convec- 
tion of the  monsoon with minimal influence of t h e  
synoptic and mesoscale systems of the Sahel. 

3 .  Data 

o. Sirrfocr dato 

The rainfall dataset used in this study is that of Ni- 
cholson ( 1993 ). This archive includes data published 
in I+'orld 1Jeatlier Records and Monthly Climaric Daio 
oJ the Mbrld, complemented by data gathered over 
the years from the French Ofice de la Recherche 
Scienrifique et Technique (ORSTOM). the German 
Deutscher Wetterdienst, the U.K. Meteorological Of- 
fice, and African Weather Services (Nicholson 198 1 ). 
The daraser provided in the form of monthly averages, 
includes the period 1983-88 during which Meteosat 
data are also available (see section 3b).  The rain gauge 
stations are unevenly distributed, and the network is 
sparse above about 16"N (Fig. 2 ) .  The number of sta- 
tions where data are available varies from one year to 
another (Table I ) .  

b. Sarelliie data 

We use hleteosat data originating from the European 
Space Operation Centre (ESOC) in Darmstadt, Ger- 
many. At the time of the study, only data from 1983 
through 1988 had been acquired. The dataset, in the 
International Satellite Cloud Climatology Project 
(ISCCP) B2 format. contains 3-h, 8-bit digtized images 
i n  three spectral bands: 0.4- 1.1 pm (shortwave band ). 
10.5-12.5 pm (thermal infrared band). and 5.7-7.7 
pm (water vapor band). A B2 image is obtained by 
sampling the original full-resolution (about 5 km at 
the equaror) image even. six rows and six lines. All 
images are geometrically corrected and navigated to a 
fixed reference. For more details, see ESOC ( 1986). 

TABLE 2. Performance of linear regression equations 
IO estimated seasonal rajnfall. 

Region I -i 2 Region 3 

Variable F R F R 

Mean rainfall (mm) 480 1152 
No. or points 744 48? 

Coefficient of determination r' 0.8 1 0.8 1 0. IS 0.1 8 
162 162 443 441 satellite estimates of rainfall i n  e three regions that rms (mm) 
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Region 1 a 

These data have been available since J u l y  1983 (Ros- 
sow et al. 1985). 

3.  Methods 

directly beneath the clouds. The approach is either 
based on tracking cloud entities throughout their life- 
times (first approach) or on brightness temperature 
thresholding (second approach 1 .  Because of the dim- 
cult!. in processing the huge amount of data constitui- 
ing the full-resolution satellite images, the methods 
based on the first approach ha\.e been used only over 
limited arcas and periods of time (Stout et al. 1979: 
Woodley et al. 1980: Gnffith e1 a]. 1978. 1981: Thiao 
et al. 1990). The methods based on the second a p  

In general, the satellite methods of rainfall estimation 
using observations in rhe visible and/or thermal in-  
frared are based on the assumptions that 1 ) the  higher 
the  cloud albedo and the colder their tops. ihe more 
rain they produce. and 2 )  rainfall areas are located 
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FIG. 6 .  Scatterplot of seasonal obxwed rainfall vs_(a) F for region 1, (b) F for region 2. 
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proach are intended to estimate rainfall for a period 
larger than 24 h. Arkin ( 1979): for instance, has shown 
that the fractional cloud cover of clouds colder than a 
cerain temjxra:ure threshold is proponiona! to the 
accumulated precipitation. This technique seems IO be 
reliable when it is applied over a large area (more than 
I50 km X I50 km) and for time averages exceeding 
one d a y  (Richards and Arkin 198 1 I Arkin and Meisner 
1987 ). The algorithm has been used with both geosta- 
tionary and polar-orbiting satellite data to create a 
rainfall climatology for the Tropics for the Global Pre- 
cipitation Climatology Project (GPCP) (Arkin and 
Ardanuy 1989; Janowiak and Arkin 1990). In West 
Africa, similar techniques have been adapted in o p  
erational routines such as the method of the Tropical 
Agricultural Meteorology Satellite (TAMSAT) Group 
of the University of Reading (Dugdale et a]. 1990) or 

:!;st o / ' i h c  EI'S.I7 of::;. ORs-l 0 , Y l  ai L:jn 
1 CLirn CI  21. I989 ) .  Ths rncihods bascd 02 : :mz-a \ z r -  
s ; l d  hrightncss tcmp:~iurc  also ha\.e bcen ilwd suc- 
iesfull! ,  to dcri\,c prcLipita1ion over the T:gPlcs ( hlo- 
i t l l  a n d  \ i 'carc 19s:: Ea and Dcschamps 1CiW ) .  hlost 
ofthe nicthods use thermal infrared data onl!. a l~hough 
\ isible data alone (Kilonsk!. arid Raniage 19-6)  or \,is- 
ible data conibincd n i i h  thermal infrared datz ( Barrctt 
1970: Barrctt et 31. 19%: hlotell and Weare l9S7)  !'ield 
good prcdictivc skills. In \Vest Africa \-here rainfall 
often occurs a\   nigh^. using visible data alone ma?' bias 
the estimates. 

Because of costl!~ computing resources degradation 
of the temporal and spatial resolutions of satellite im- 
ager)' is necessary \+.hen making rain estimates over 
ver)' large areas such as West Africa. The ISCCP is 
designed to reduce these data for climatic use (Schiffer 
and Rossow 1983). Thus. the methods ofthe second 
category are more suitable for estimating rainfall for 
climatic purposes. Houever. degradation of temporal 
resolution of satellite data will decrease the skill of those 
methods by omitting the contributions of short-lived 
clouds. Consequentl!.. for the Sahelo-Soudanian re- 
gions. they may not gjve good estimates of precipitation 
on timescales less than one month. This limitation is 
due to the nature of the  phenomena affecting rainfall 
in these regions. Monthly precipitation is due to a few 
squalls and cloud clusters affecting an a r a  with large 
variations in rainfall amounts between events. There- 
fore. a suitable relationship between rain gauge mea- 
surements and a satellite-based index could emerge 
only if the number of events is sufiicient. For our study, 
whose objective is to analyze the interannual variability 
of rainfall, we have selected climatological methods 
utilizing radiance threshold (method 1 ) and time-av- 
eraged radiance (merhod 2) .  

i n  method I ?  the predictor variable is a frequency 
of occurrence index quantifying the number of times 
thermal infrared radiance below a threshold value oc- 
curs during a given time period, typically a month or 
a season. This frequency of occurrence index, or F ,  is 
defined as 

F = ( C  ri)A'-', ( 1 )  
I 

where the subscript i denotes the observation. A is the 
number of observations, and Z, is a discrete indicator 
variable taking the value 1 or 0 depending on the 
threshold, RT: 

1, R G R ,  (2a)  

0, R > RT. (2b)  

In Eqs. (2a)  and (2b), R is the radiance of a pixel. 
Correlation coefficients between satellite estimates of 
precipitation and surface measurements are rather in- 
sensitive to the "warm" threshold (Arkin 1979; Motel1 
and Weare 1987; Baand Deschamps 1990); which can 

ti = [ 
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be as high as 10°C on monthly and seasonal timescales 
(Ba and Deschamps 1990). We chose a threshold of 
2.107 W m-2 sr-’ pm-] .  which corresponds to a 
brightness temperature of -40°C. Atmospheric cor- 
rections are not used in this method since the cloud 
tops selected are located high in the atmosphere. 

In method 2, the predictor variable is the average 
thermal infrared radiance over the period of interest, 
R ,  defined as 

I? = ( 2  R,)A’-]. ( 3 )  
I 

Since I? is a time average over all days. both clear 
and cloudy, it includes radiative efTects from the sur- 
face. the atmosphere, and varied cloud types. The in- 
fluence of water vapor absorption is significant. This 
is not a drawback because the absorption is related to 
water vapor Content in the atmosphere, and water va- 
por content in the atmosphere modulates the evapo- 
ration rate of falling rain. In fact. l? implicitl!. taAes 
into account two major parameten that are indirectly 
related to rainfall: the cloud-top temperature of pre- 
cipitating systems and the surface temperature. The 
latter is modified by rainfall through evapotranspiration 
(Assad et al. 1987). 

5. Results 

a. Comparison of rainfall srariaics from sarellire 
and conventional dara 

The skill of the NO predictor variables defined above, 
namely F and R .  c a n  be assessed by comparing ob- 
s e n d  and predicted rainfall at the surface Stations. 
We compared six years ( 1983-88) of seasonal rainfall 
( May-October). Most of the rainfall occurs during 
those months (Nicholson 1980). especially in  regions 
1 and 2 (Fig. 3 ) .  Univanate. linear. and nonlinear 
regression analysis was used to compute performance 
statistics. For each station. we applied the satellite al- 
gorithms to the pixel that encompassed the verifying 
station. According to Ba (1990). more complex 
schemes involving weighted averages of surrounding 
pixels would not change the regression statistics sig- 
nificantly. 

Figures 4 and 5 show. for regions 1 and 2 combined 
ihereafrer referred to as region 1 + 2 )  and region 3. 
respectively. the relationship between seasonal rainfall 
and For l?. and Table 2 lists the values of the coefficient 
of determination r z  (assuming a linear relationship). 
In region 1 + 2 .  7’ is high for both F and I? (0.81 
significant at the 99% confidence level). For region 3, 
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r' is much lower, 0.18 for both F and I? (see also Fig. 
5 ) .  indicating that neither F nor J? is a good predictor 
variable in that region. The low 1.: values for region 3 
may be explained by the rainfall regime, which is char- 
acterized during the boreal summer, by monsoon rain 
u i th  a significant stratiform component. Consequently. 
the -40°C threshold does not take all the precipitating 
clouds into account. decreasing the predictive skill of 
F .  Due to orographic efiects. rain in the highlands of 
Guinea and Cameroon also occurs without deep con- 
vection and. hence, cold cloud tops, further contrib- 
uting to a degraded performance. In the w e  of R ,  two 
factors contribute to a low coefficient of correlation, 
namely frequent cirrus cloud cover and large soil 
moisture content. The frequent cirrus cloud cover and 
the large soil moisture content (the result of continuous 
rain) inhibit the use of the intended technique I? to 
determine surface temperature effects (evaporation as- 
sociated with rain generally results in a decrease in sur- 
face temperature). 

Because of the poor predictive skill of F and I? in 
r ~ o n  3, we focus on region 1 + 2. A simple linear 
regression between seasonal rainfall and predictor 
variables yields an rms error of about 160 mm (3390 
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FIG. I 1. Differences between Fderived rainfall computed at surface 
network nations and observed rainfall ai the same suuons. 
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I 
of the mean measured value) for both F and R (Table 

~ 
2).  Examining Figs. 4a and 4b. we notice that the re- 
lationship between seasonal rainfall and predictor 
variables is not linear. suggesting that a nonlinear 
regression may improve the performance statistics. 
Using a second-order polynomial. r 2  is slightly higher 
for I? (0.85 instead of 0.8 1 ). but remains the same for 
F (0.81 ) (Table 3 ) .  The  terms of the second-order 
pol!-nomial are statistically significant at the 995 con- 
fidence level (see Table 3 ) .  The rms error is practicall~* 
unchanged for F ( 159 mm instead of 162 mm) bui is 
significantly reduced ( 14 1 mm instead of 162 mm) for 
I ? .  I n  the case of F ,  the lack of improvement in the 
performance statistics may be due to the type of non- 
linearities, which are not described properly by a sec- 
ond-order polynomial. In fact, Fig. 4a suggests that 
two distinct nonlinear regimes may exist, one below 
500 mm and the other above. Applling separate sec- 
ond-order polynomials below and above 500 mm gives, 

in fact, much better statistics ( r :  = 0.88. rms error of 
120 mm), but continuity at 500 rnm is not respected. 
and we prefer to use a single second-order polynomial. 

Applying separate simple linear regression equations 
to regions I and 2 yields in region 1 r' values of 0.83 
and 0.8 I for F and R ,  respectively. In region 2. the r' 
values are 0.80 and 0.83 for F and R ,  respectively. 
Using a second-order polynomial r' is much higher 
in region I .  panicularly for I? (0.89 instead 0.8 1 ) (see 
Table 3 and Fig. 6 ) .  but remains the same for F in 
region 2. The terms of the second-order polynomial 
are statisticzlly significant at the 99% confidence level 
in both repons for and only i n  region 1 for F(Tab1e 
3 ) .  The second-order term ( a z )  is statistically uncenain 
for F in  repon 2 (Table 3 )  and. therefore. does not 
contribute useful information for the prediction of 
rainfall. Thus a first-order polynomial in F is used to 
estimate rainfall in region 2 and a second-order poly- 
nomial in region 1. but a second-order polynomial in 
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I? is used for both regions 1 and 2. Using distinct re- 
lationships between rainfall and either F or E in  regions 
1 and 2 is also justified by different yearly biases com- 
puted for each region (see below). 

Applying the regression equations (separate equa- 
tions te regions ! and 2 )  to data from indi\idual years 
reveals positive and negative biases (defined as the 
mean difference between measured and predicted val- 
ues), reaching magnitudes of 80 mm in 1987 (F) and 
100 mm in 1984 ( I ? )  (Figs. 7a.b). These biases are not 
negligible and must be removed to study the interan- 
nual vanability of rainfall properly. For F. removing 
the biases yields r' values of 0.87 and 0.81 in rq .ons  
1 and 2 ,  respectively. and rms errors are 146 and 148 
mm. For l?: r' values are 0.92 and 0.87 in regions 1 
and 2, respectively, and rms errors are 119 and 122 
mm. Thus. by removing the biases, the error statistics 
are not significantly improved overall. but estimates 
from different years become comparable. Since r2 rep- 

resents the interannual rainfall variance explained b\' 
the algorithms, 13% and 8% ( regon  1 ) and 20% and 
135  (region 2 )  of the variance still remains unex- 
plained b>, F and I?: respectively. 

If  B,  and B,! denote the biases for year I when using 
F and I?. respectively, the predictive seasonal rainfall 
equations in regions 1 and 2 are 

Pil(F) = (-19 + 3 7 F +  3 F ' )  + B,, (4a)  

Pj2 (F) = ( -85 i 68 F) + B;? (4b)  

(Sa) P , , ( 8 )  = (13756 - 41738 + 317R2) + BI, 

P;2(R) = (7291 - 1967R + 131R2) + Bf?. (Sb) 

where P is seasonal rainfall (mm) and the subscripts 1 
and 2 denote regions 1 and 2 .  respectively. 

Figure 8 compares observed and predicted rainfall 
amounts when using Eqs. (4) (F) and ( 5 )  ( I ? ) .  The 
scatterplot of Fdenved rainfall versus observed rainfall 
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for region I increases gradually from low to high rainfall 
amounts and is nearly centered around the 45" line 
(Fig. 8a). By contrast, for region 2, F generally over- 
estimates rainfall below 500 mm and the scatter. cen- 
tered around the 45" line, is much higher, above 5 0 0  
mm (Fig. 8b) .  In the case of R :  the scatter is well cen- 
tered around the 45"  line and slightly higher. above 
500 mm for region 2 (Figs. 8c,d). A few points are 
characterized by rainfall amounts above 1500 mm. 
These correspond to two stations in Guinea-Bissau and 
one station in Sierra Leone located near 9"N. the 
southern boundary of regions 1 and 2. For those sta- 
tions, both algorithms underestimate actual rainfall in 
most cases. Figure 9 shows the histograms of biases 
when using F and I?? respectively. Time average I? gives 
better results overall than F in both regions. The  overall 
satellitederived rainfall is o\,eresrimated below S O 0  
mm: panicularly in regon 2. and underestimated in 
wener regions. 

Various sources of errors may affect algorithms to 
estimate surface rainfall from space. These penain to 
the nature of rainfall, which is highly variable in  space 
and time, and to the ~ y p e  of satellite obsenations 
available. which are not direct indicators of rainfall. 
but instead only assess parameters affecting rainfall. 
Augustine et al. ( 198 I ), for instance, have shoun that 
three possible error sources may affect satellitederived 
rain patterns: 1 ) the method of apponionment of sat- 
ellitederived rain at the surface, 2 )  resolution d e w -  

dation of the digital satellite imagery. and 3 )  anomalies 
of convective clouds in  tropical regions. For the algo- 
rithms used in  the present study. the spatiotemporal 
variability of atmospheric constituents (mainly water 
vapor) and surface temperature may cause other errors. 
The amount of water vapor available in lower levels 
affects the maintenance of the convection and. con- 
sequently. the rainfall. Therefore. when using a single 
relationship for a large area with nonhomogeneous low- 
level water vapor distribution (i.e.. West Africa)? the 
satellite algorithms will overestimate rainfall in  drier 
regions and underestimate it in humid regions (Fig. 
9 ) .  Water vapor also affects the thermal infrared ra- 
diances and, therefore. I? and, to a lesser extent, F (wa- 
ter vapor is not abundant above cold cloud tops j .  Sur- 
face temperature may be also governed by processes 
other than evapotranspiration, especially in the coastal 
zones (i-e., western Sahara) and southern regions of 
the area of study. thus biasing the estimates made by 
l? in those regjons. 

Our results show that generalizing the satellite al- 
gorithms is not straightfonvard. Both F and l? yield 
poor results south of 9"N where a large amount of the 
rainfall is produced by stratiform clouds. This suggests 
that applling the predictor variables evenwhere within 
the tropical zone may lead to large errors. The algo- 
rithms may onl!. work adequately in regions such as 
the Sahelian zone, which are homogeneous meteoro- 
logically (same type of rainfall) and where most of the 
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rainfall results from venicall!- extended (cold) con\.ec- 
tive systems. 

b. Inr erann ual variabilirj. of rainfall 

Studies of rainfall vanabilir!. in the Sahelo-Soudan- 
ian region. where catastrophic drou-ehts occur. require 
obsen.ations at a spatial resolution that the African 
rainfall networks do  not readily provide. Significant 
errors ma!' be introduced \vhen rainfall fields are in- 
ierpolated from the data available a: the unevenl\, dis- 
tributed surface obsening starions or extrapolated from 
stations in data-sparse regions. in the analyses described 
in this section. both the impact of spatial sampling on 
the observed and derived estimates and the accuracy 
of satellite estimates of interannual variability of rainfall 
are examined. Initial]>,, the mean fields for the  6-yr 
period of stud!. are examined. Then. the spatial fields 
and areal averages for individual years are examined. 

Equations (4 ) - (  5 ) .  which result from a careful cal- 
ibration against surface measurements. were used to 
derive the rainfall and. hence. anomal?. fields w i t h  a 
spatial resolution of approximately 1 O latitude X I O 

longitude. In the computations. estimates over 32-km 

areas (the original resolution of the hleteosat dataset 
at the equator j \\.ere simply averaged. 30 adjustment 
was made to account for latitude-vap+ng pixel size. 
since the effect is not significant. Both techniques were 
used, but in cases where they performed about equally 
well the presenuiion of resulrs is limiied to the thresh- 
old method. 

Figure 10 show the spatial distriburion of the 6-yr 
mean rainfall computed from surface obsen?ations 
(Fig. I Oa ) from Meteosat observations corresponding 
to surface stations (Fig. lob)  and from all Meteosat 
observations (Fig. 10c).  The area of analysis is re- 
stricted to a zone between 9" and 20"s. and between 
l S 0 W  and l j 0 E .  where 78 stations were available dur- 
ing the period 1983-88. The agreement is _good between 
the three seasonal rainfall fields. The nonh-south gra- 
dient of rainfall generally observed in the region is well 
retrieved by satellite-derived rain. However. the efiect 
of sampling is obLious when comparing Fig. 1 Ob and 
1 Oc. Since the wo datasets are derived from the same 
source ( Meteosat ). the differences observed between 
the two fields (Le.? the isohyets of 100 and 200 mrn 
shifted to the nonh ) are due to sampling errors of the 
surface network. In Fig. I 1 ~ which depicts the absolute 
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differences henveen obser\:ed 2 n d est i m at ed 1-21 n fall. 
one can notice that the amplituot of these difierences 
are less than 50 m m  (less than IO?! of seasonal rainfall 1 
over most o f the  region. The saiellite tends to under- 
estimate rainfall b!, abour 100 n m  ( 1 5 5  of seasonal 
rainfall) in rhe southwest p a n  of ihe region ana  over- 
estimate rainfall b!' 50 m m  ( 155 of seasonal rainfall ) 
in eastern blauntania and b!, 100 m m  ( 15%) to the 
south of Lake Chad. 

Figures IS  2nd 13 shou) the ?stterns of seasonal 
rainfall anomalies with respect io :he 6-!pr mean. 1983- 
88. as computed from surface da?. ( Fig. 1 2 )  and com- 
puted from all Meteosat data (Fig. 13 ). The obsenfea 
and satellitederived anomalies are consistent. but sig- 
nificant differences exist. The differences tend to occur 
in zones \shere surface data are fe\i or nonexistent and. 
therefore. must be interpreted as 2n anifact due  to in-  
terpolation techniques used for ih2  surface net\sork. 
1 he 1983 and 1984 seasons are generally drier than 
those of ihr other years. ana  the 1988 season is the 
wetiest. Unlike the rainfdl pztrens (no t  shown here). 
the anomal!- patterns do not exhibit a strong zonal 
character. Both satellite and surface obsenations show 
that the drought during 1983 afiecied almost the whole 

- 

region except the nonh of Burkina and ihe south of 
Niger. In contrast 10 19S3. 1984 was u'eiter b\ more 
than 100 m m  in the southernmosi part c f t h e  region 
of srud! (Guinea. Senegal ) and b>. more ihan 50 n i m  
nonh of Ghana 3 n d  Benin. \<!here the rzinfall deficit 
was as large as 100 n m  i n  1983. The sezsons of 19S5 
and 1986 were. i n  comparison. wetter zlmosr ei;er:'- 
where. panicularly between 10'W and 10°E along 
10ONin 1985 and south of I5OK in  ]?E t . .  The  !9F? 
season is characterized by one zone iC!h negati\:e 
anomalies centered ai  12'3. 10"E ( S i g t n a ) .  where 
the deficit reaches 100 m m .  Positive values dominaie 
the anomaly field in  198s. especially in the southeast 
(Niger. Kigeria. Chad) .  where rainfall is in excess of 
200 m m .  

The  above results. in panicular the nonzonal aspect 
of the  anomaly fields. strongl?. s u s e s t  tha: care should 
be exercised u.hen anziyzing rainfall datz 2veraged over 
latitudinal bands (e.p.. 3'Icholson 1993: Lamb and 
Peppler 1992 ) .  Longitudinal vanabilit!. ir. the anom-  
alies is substantial. indicating that some sub-Saharzn 
regions ma!' receive above-average rainfill during a 
year cataloged as dr\. based on zonal a\'erages. I t  is 
imponant  to point out that the 6-yr stud!, period ma!' 



SEP-1985 S E P - 1 9 8 6  = 20  w 

L - - - - - .- - 
5 1 0  - 

0 

SEP-1987 S E P -  1988 
.,, , . 

- 3 0  - 2 0  -10 0 1c -30  -20 -10 0 10 

Longitude ( O )  Longitude ( O )  

FIG. 17. Monthly  rnips o f  F over West  Africa dunng t he  month of Seplember for i he  years 19Sj-88 

not represent the long term. However, the satellite ez- 
timates are not afiected b!* changes in the surface station 
network. 

The results in Figs. 12 and ! 3 sugest  that the sai- 
ellites adequately capture the interannual variabilit!. of 
rainfall in rhe r e o n .  This is funher  tested using spatial 
averages \\ithin strips locared between 13"-16"N and 
1 8 "-5  i 4 .  ( left ) and 1 3 O - 1 6 O K  2nd 5 O \V- 1 5 O E ( right ) 

(Fig. 14 ) .  This tests the robustness of the algorithms 
geographically and temporall!.. There is good agree- 
ment between observations ana satellire estimates. and 
the satellire esrimates clearl\, czpture the differences 
between the eastern and western sectors in the amouni 
of rainfall. The agreement is somewhat better for the 
mean radiznce method, but the threshold method does 
indicate somewhat greater interannual variability. 

c. The convergeme zone over I i  'esi A-frica 

Some of the earliest papers on the Sahel drought 
suggested that the pr imaq c a w  of the drought was a 
simple q u a t o w a r d  displacement of the ITCZ over 
West Africa (e&. Bryson 3973). Since that time a 
number of papers have examined the role of this factor. 

n.ith various authors reaching substanrially different 
conclusions. Lamb (e.g.. 1978a.b) and Hastenrath 
( 1984). for example. have detected a correspondence 
between latitudinal position of the ITCZ and Sahel 
rainfall. Others. such as Tanaka et al. ( 3975). Nichol- 
son ( 198 1 ). ana Newell and Kidson [ 1984). have 
demonstrated thar  anomalous ITCZ positions bear a 
relationship 10 rainfall in only some w e s .  notably years 
when rainfall is above normal in the Szhel but  below 
normal in equatorial latitudes. Part of the reason for 
the aiEerence of opinion is that the ITCZ is defined 
based on surface pressure and winds in some studies 
but on maximum rainfall or convection in  others (Ni- 
cholson and Palao 1993). Also. some have examined 
the ITCZ over land. others over the adjacent ocean 
regions. 

In general, the studies indicating a relationship be- 
tween the ITCZ and Sahel rainfall are based on wind 
pressure and convergence patterns over the Atlantic 
Ocean. where there is minimal rainfall data. while those 
dsputing it are based on rainfall over the continent. 
where wind and pressure data are poor. Since the ITCZ 
is considered to be a locus of maximum convection 
rather than maximum rainfall, the satellire data provide 
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a third useful methodoloe for determining its position 
over land. Moreover, satellite analysis provides a way 
to directly compare the ITCZ position over land and 
water. Since the prevailing east-west line of maximum 
cloudiness indicates that the ITCZ is easy to identify 
in satellite images, F gives a way to describe its monthly 
mean location and intensity over both land and ocean. 

Here, the monthly mean frequency of cold cloud 
index images ( F )  is used to evaluate the north-south 
excursion of the ITCZ and also its convective intensity 
during the wettest summer months (July-September) 
of these six years. Both maps and latitudinal transects 
of convective activity and rainfall are used to evaluate 
tbe location and intensity of the ITCZ and the latitu- 
djnal extent of the associated cloud band. 

Figures 15-1 7 ,  containing monthly maps of F over 
West Africa, illustrate some interesting features of the 
wnvergence zone. The prevailing easi-west line of 
maximum convection is broader farther north and 
more dynamic over land than over the adjacent ocean. 
The main features of the ITCZ remain fairly constant 
during the north-south excursion from July to Sep 

I 

tember. One example is the persistence of maximum 
F cells over the highlands of Guinea and Nigeria. Be- 
tween these cells lies a zone with relatively low values 
of F centered north of the Ivon  Coast. This zone is 
generally observed in rainfall patterns as well. with its 
southern extremity corresponding to the anomalous 
"ary zone" along the Guinea mast. 

These hgures reveal changes from year to year in  
the intensity and latitudmal extent of the rain belt. The 
core regor! of maximum convection is generally lo- 
cated farther north during 1988, the wettest year. No 
differences are apparenr between 1983 and the wet years 
of 1985 and 1986. The line of maximum convection 
H ' ~ S  located somewhat farther south during I984 and 
1987. years corresponding to  d n  conditions in the 
eastern Sahel but wet conditions in the southwest 
(Guinea). The contrast between 1988, the wenen year. 
and 1983, the driest year. is readily appareni for July 
and August, with the rain belt being broader and con-  
vection more intense during the wetter year. The con- 
vection is. in general, more intense in the three wettest 
years (1985, 1986. and 1988) than during the three 
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driest ( 1983, 1984, and 1987). The contrast is partic- 
ularly strong between 1988, clearly the wettest year. 
and 1983. During J u l y  and August 1983, the index 
values of the core region of maximum convection do 
not exceed 8. Only over the highlands of Guinea and 
Nigeria have index values exceeded these salues. Dur- 
ing August 1988, in contrast. the core region of max- 
imum convection has index values exceeding 12. 

The lariiude and intensity of m a i m u m  convectior! 
is further illustrated in Figs. 18 and 19. latitudinal cross 
sections of monthly rainfall and convective intensity 
for three north-south transects in West Africa. One set 
is derived from observed rainfall, the other from cold 
cloud frequency F. I n  the latter case, F was not con- 
vened to rainfall because the rainfall-cold cloud fre- 
quency relationship used in producing Figs. 10b and 
IOc was derived from seasonal data and is not appli- 
cable on monthly scales. Nevenheless, there is quali- 
tative agreement and both sets of transects can be used 
to roughly approximate the "center of gravity" (i.e., 
the ITCZ positjon over West Africa). and the intensity 
and latitudinal extent of the rain belt. 

On the left-hand side of each figure is a 3-yr "dn"  
composite for the years 1983: 1984, and 1987; on the 
right-hand side is a "wet" composite for 1985: 1986, 
and 1988. Both Figs. 18 and 19 show a tendency for 
the maximum of convection and rainfall to be some- 
what farther north during the wet composite than for 
the dry composite. The differences are most apparent 
in the eastern Sahel near 10"E and are least apparent 
In the western sector near 10"W. Stronger contrasts 
between wet and dry composites are apparent in the 
latitudinal extent and intensity of the rak  belt. 

Transects were also examined for each individual 
year and further suggested that the pnman  contrast 
between wet and dry years is the extent and intensity 
of convective acthity rather than the location of the 
convective maximum. or ITCZ. The transects for the 
driest and wettest years, 1983 and 1988 (Fig. 20): 
clearly illustrate this contrast. 

In 1983. the latitudinal location of maximurn con- 
vective in July-Sepiember is approximately 9"-10"N 
at 10"W. 1 lD-l2"N at 0" longitude, and about 6"- 
7 %  at 1O"E. No systematic differences are apparent 
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between 1983 and the wet years 1985 and 1986 (not 
shown here); however, the contrast with 1988 is strik- 
ing. The convective maximum is clearly displaced 
northward in 1988 at I O O W  and 10"E but not in the 
central Sahel at 0" longitude. Nevertheless. in all three 
cases, the contrast between 1983 and 1988 is more 
readily apparent in the intensity of convection. At 
1O"W, the core region of convection has index values 
exceeding 15 in 1988, but in 1983 values exceed I5 in 
a v e n  limited area. At 0" longitude. a clearly defined 
core shows values in excess of 12 in 1988 but in excess 
of 9 in 1983. At 1O"E index values exceeded 15 in a 
very limited area during July through September 1983, 
but the index exceeded 15 in most of the region in 
1988. The size of the areas bounded by index values 
of 3 and 6 also clearly shows a broader zone of maxi- 
mum convection during 1988 than during 1983. 

AlthougJ~ the composite maps suggest that the ITCZ 
is farther north during wet years than during dry years, 
that difference is largely due to the significant north- 
ward displacement in 1988 alone (the wettest year). 
No systematic difference in the ITCZ location is ap- 
parent between the dry years and the remaining wet 

years. On the other hand. differences are readily ap- 
parent in the intensity 2nd spatial extent of the con- 
vective maximum. with the contrast between the wet- 
test year and the driest year being particularly strong. 
This suppons the conclusion of Nicholson ( 198 1 ) that 
the ITCZ appears to be displaced northward in  some, 
but not all, wet years in  the Sahel. but that no anom- 
alous southward displacement is evidenl in d p  yean. 
Drought in the Sahel is then apparently more clearly 
linked to  reduced convective activity. These conclu- 
sions are also consistent with recent findings of Waliser 
and Gautier ( 1993), who demonstrate that there is no 
systematic relationship between the latitude of the 
ITCZ over West Africa and rainfall in the Sahel. 

6. Conclusions 

When appropriate calibrations are applied, Meteosat 
thermal infrared radiances combined into appropriate 
predictor variables can provide a good description of 
rainfall variability in the Sahelo-Soudanian region. 
Estimates for the analysis period of 1983-88, using F 
and I?, show good agreement with conventional data. 



of rainfall are quite accurate using either predictor 
\,anable. I n  the western Sahelo-Soudanian region. sal- 
ellite estimates showed 1983 and 1984 to be the driest 
years and 1988 lo be the wettest. i n  agreement with 
observed rainfall. In the eastern Sahelo-Soudan. sat- 
ellite estimates and  the surface netuork data showed 
that 1984 and 1987 were the driest years and 1988 was 
the wettest. 

This stud!. further demonstrates significant inter- 
annual variability in the intensity of the convection 
associated with the ITCZ and in the  latitudinal extent 
of the rain belr. T h e  primary contrast between wet and 
dry years appears to be the intensity and extent of the 
convective activit), rather than the location of the con- 
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Abstract 

The study presents a model of Top Of the Atmosphere (TOA) and surface 

reflectances in the visible and near-infrared. The reflectance is parameterized as the 

product of an isotropic component (constant) of the reflection by normalized 

temporal and bidirectional functions. The bidirectional function uses a simple 

physical representation of viewing geometry. The temporal function is represented 

as a development in modified Fourier series. An iterative scheme is used to adjust 

the constants of the model. The analysis is applied to three individual locations 

consisting of 15 x 15 NOAA/AVHRR pixels acquired in 1992 during the HAPEX- 

SAHEL experiment (Niger). Clouds were screened using a threshold standard 

deviation of reflectance (visible) and mean brightness temperature (thermal 

channel 4). The study allowed the hghest frequency fluctuations in the dataset to 

be reduced substantially (about 85% of the variance is explained) and enabled the 

temporal variation of the land surface cover to be detected. Comparisons between 

results obtained with TOA and atmospherically corrected surface reflectances show 

that there is a need to improve the monitoring of aerosols, however, the angular 



effects \%-ere the largest contributors to high frequeilc\. fluctuations in the 

NOAA/AVHRR data.  



1. Introduction 

The increasing concern about climate change on a regional and globa scale 

requires land surface characteristics, such as surface albedo and vegetation cover 

variables, be measured on a regular basis since these play a key role in the energy 

and water balances of the surface. At present, the Advanced Very High Resolution 

Radiometer (AVHRR) onboard the NOAA meteorological satellites acquire data in  

visible and near-infrared \\.avelengths on a daily basis, allowing one to monitor 

vegetation cover over the entire globe (e.g. Tarpley et al., 1981; Justice et al., 1985). 

Long-term monitoring of land surface characteristics requires temporal 

stability of the satellite sensors and correction of angular and atmospheric effects. 

Angular effects have been studied for selected vegetation canopies (e.g. Kriebel, 1978; 

Kimes, 1983; Gutman, 1987; Roujean and Leroy, 1991). The magnitude of these 

effects may lead to large errors, especially when observing the vegetation 

phenological evolution on a regional scale (Gutman, 1987; Roujean and Leroy, 

1991). To reduce the short-term fluctuations in the time series of visible and near- 

infrared reflectances, and thus, to calculate the Normalized Difference Vegetation 

Index (NDVI), measurements should be corrected from atmospheric and angular 

effects. One problem with the type of algorithms used to make these corrections is 

the uncertainty in the atmospheric data, which may be large (Roujean et al. 1992a; 

Souffiet et al., 1991). Another problem is the number and type of observations 

required to determine the surface Bidirectional Reflectance Distribution Function 

(BRDF). The number of observations must at least equal the number of parameters 

(generally 3 or more), and observations should not be too distant in time for the 

surface to be considered invariant (Roujean et al., 1992b). Since the surface BRDF is 

not known, one cannot readily account for surface anisotropy in the atmospheric 

correction scheme. 



A common technique to minimize cloud contaminztion, angular and 

atmospheric effects calculates the masimum \Talue of a vegetation index for a given 

target over a period of one week to IO-davs. The maximum iyalue is assumed to 

correspond to a minimum in aerosol and 14Vatcr vapor contents and cloud cover 

(Holben, 1986). However, this Maximum Value Composite (MI'C) technique selects 

preferentially observations in the forward scattering direction (Gutman, 1991, Leroy, 

1994). Because of random cloud contamination, this forward scattering direction is 

not always selected in data time series, leading to high directional noise in NDVI 

time profiles and moreover in corresponding reflectances (Qi and Kerr, 1994). Other 

proposed techniques for compositing AVHRR NDVI data have similar drawbacks 

(Qi and Kerr, 1994). 

Most of studies on the BRDF have been carried out over uniform cover types 

at the plot scale (Deering et al., 1992; Holben, 1986; Kimes, 1983). There has been 

little attempt to translate the results from ground measurements to satellite 

measurements. Owing to the lack of a calibrated and phjrsicallv based-model, this 

study used a simple empirical model as the product of an isotropic component 

(constant) of reflectance and normalized temporal and bidirectional functions. T h e  

BRDF used cannot fully represent any bidirectional effect for all geometries, it is 

simple and well-adapted to the range of solar and viev,ying angles corresponding to 

the NOAA/AVKRR data acquisition. The modeling assumed that angular and 

temporal effects on reflectances can be separated. If most of the variance can be 

explained by the model, then the temporal function wili be indicative of 

phenological changes in surface vegetation. This model has already been tested 

using NOAA/AVHRR data acquired during the FIFE experiment (1987) over the  

Konza prairie (United States) (Ba et al., 1994). Here, the mode: is applied to three 

different locations selected inside the HAPEX-SAHEL site where AVHRR data were 

acquired from May to October 1992. Since the BRDF model used here is the same as 



that applied to the FIFE site, a comparison v,-ill be made betijwn the model 

parameters obtained at these t\\ro locations. These comparisons \vi11 help us to 

discuss the robustness of the model under varying conditions and to anticipate its 

1 validity. In this study, we used both TOA and atmospherically corrected 

' 

reflectances. Model performance with each of these two data sets is discussed. 



2. AVHRR data  

From Ma\. to October 1992, the HAPEX-SAHEL Information System (HSIS) 

processed and archived 5 bands of AVHRR HPST (NOAA 11 and 12) image data 

(Kerr et al., 1993) obtained through the AGRo-Hydro-METkorologique 

(AGRHYMET) center recei\Ting station in Niger. The HAPEX images consist of 512 

rows of 512 samples covering the area between 0" and 5"E and 11' and 16'N, which 

includes the HAPEX-SAHEL site (2-3"E, 13- 14"hT). 

HSIS calculated several variables from the satellite radiances: brightness 

temperature for channels 4 and 5, TOA-reflectance for channels 1 and 2, TOA- 

Normalized Difference of Vegetation Index (NDVI) and TOA- Modified Soil 

Adjusted Vegetation Index (MSAW) obtained from channels 1 and 2, (Qi et al., 1994, 

Chehbouni et al., 1994), atmospherically corrected reflectances for channels 1 and 2 

(surface reflectances), surface NDVI and MSAVI, surface temperature based on the 

improved Split Window algorithm (Kerr et al. 19921, and the zenith and azimuth 

angles for both the sun and the sensor. 

To obtain the ground level reflectances, HSIS performed atmospheric 

corrections (Kerr et al., 1993) on channels 1 and 2 using the Simplified Method for 

the Atmospheric Corrections (SMAC) (Rahman and Dedieu, 1994), which is based 

on the 5s radiative transfer code (Tanre et al., 1990). These corrections take into 

account Rayleigh (molecules) and Mie (aerosols) scattering effects, as well as watei 

vapor, ozone, oxygen and carbon dioxide absorption. Water vapor content was 

derived from a European Centre for Medium-range Weather Forecasts (ECMWF) 

model analysis and the ozone content is set to a constant of 0.25 atm.cm. Aerosol 

optical depths were not available over the whole area and were set to a constant 

value of 0.2 at 550 nm, which corresponds roughly to the less turbid days in the 

Sahelian regions (10% of the days) (Faizoun et al., 1994). A typical aerosol model, 

namely the continental model of the World Meteorological Organization (WMO), is 



selected to generate the aerosol phase." Rzleigh scattering and  oxygen a n d  carbon 

dioxide absorption are applied assuming a standard pressure a t  the ground le.irel 

(1013 hpa). 

In tens i v e me as u r em e n t s of hydro- m e t eo r ol o g i ca 1 p ar a m e t er s v ar i a bl es \%ye r e 

made during the HAPEX-SAHEL field measurement campaign in three super-sites 

(Southern, Central East and Central West sites). For each of the three super-sites, we 

selected AVHRR sub-images consisting of 15 by 15 pixels centered at 13.2ON, 2.24'E; 

13.54"N, 2.69"E; and 13.55ON, 2.57"E, respectively. 

3. Processing of AVHRR data 

3.1 Times series of raw data 

We computed spatial averages and the standard deviation of reflectances 

(channels 1 and 2) and brightness temperature (channel 4) from all pixels inside the 

windows of the 15x15 pixels taken from each of the three super-sites. The t ime 

series of average reflectance (Figs l a  and lb) show some high values, but these are 

not systematically associated with high standard deviations, which may indicate the 

presence of increasing cloud cover over the sites in some cases. This is confirmed b>r 

the brightness temperatures (Fig. IC), which shows lower values at the same time as 

h g h  reflectmces. Clear sky conditions are characterized by high values of brighmess 

temperatures, about 310 K in early and later summer and about 295 K in the middle 

of the rainy season (Fig. IC), owing to the cooling effect of evapotranspiration 

associated with growing vegetation and rainfall. No seasonal signal can be detected 

in either channels 1 or 2 (Figs l a  and lb). 

3.2 Cloud screening 



A common technique used to cloud-screen AVHRR data oI*er land consists of 

an analysis of the local variance in the dzta (Coakley and Bretherton, 1982; Gutman 

et al., 1987, 1994; Ba et al., 1994). Over a relatively homogeneous surface, such as the 

HAPEX-SAHEL site, we  expect higher spatial standard deviations of reflectance and 

brightness temperature in the presence of broken clouds. When clouds cover the 

entire site, the standard deviations may be as small as those in cloud-free conditions, 

preventing cloud detection using the standard deviation, but the average brightness 

temperature may be significantly lower in many cases, as shown in Figure IC. 

Based on these considerations, we examine the relationship between the 

spatial standard deviation of reflectances and the average brightness temperature i n  

channels 1 and 4, respectively (Fig. 2). Clear sky conditions are characterized by low 

standard deviations in the visible (less than 0.025) with a brightness temperature 

larger than 285 K. A low standard deviation of reflectance and low brightness 

temperature indicates a uniform cover of cold clouds over the sites. W a r m  

temperatures with a large standard deviation indicate broken cloud cover. W e  

assumed thresholds of 0.025 and 295 K for the standard deviation and brightness 

temperature, respectively, provided the best cloud screening. From the original set 

of 534 data points (178 images x 3 sites), 371 were classified as cloud-contaminated for 

the three sites taken together. However, we did not expect that the cloud screening 

procedure would eliminate aerosol contaminated images, since aerosols induce a 

decrease in the scene contrast and a low variance with only a slight decrease of 

brightness temperature on the order of 1K for an increase of 0.2 (at 550 nm) of the 

optical depth (Tanre and Legrand, 1991). 

After cloud screening, TOA reflectances still exhibited high frequency 

fluctuations (Fig. 3), but were substantially reduced when the reflectances in  

channels 1 and 2 (R1 and R2), were combined into the NDVI (Fig. 4a-c). The NDVI 



time series suggests the seasonal cycle of the vegetation . Around Jul ian days 210 to 

225, there was no data left after cloud screening. Figures 4d-f indicate that most of 

rain occurred during this period of time (see Lebel et al., 1992, for detailed 

description of the measurement network, and Lehel et al., this issue, for rainfall data 

analysis). 

4. Fitting reflectance profiles with temporal and bidirectional functions 

Figures 5 displavs the cloud screened data , as a function of the viewing angle, 

4v . The values of 4v change rapidly from one day to the next because of the wide 

field-of-view of the sensor and the 9-day repeat cycle of the satellite; these range 

between - 66" and 66". The negative and positive values correspond to antispecular 

backward) and specular (forward) reflection /scattering conditions, respectively. For 

both TOA and surface reflectances, the plots show a strong dependence of the 

observed reflectances on the viewing angle. For channels 1 and 2, 60% and 6610, 

respectively, of the variance of TOA reflectance is explained by a second order 

polynomial in qv, indicating that directional effects linked to the anisotropy of the 

earth-atmosphere s ~ s t e m  are a major contributor to the variability of the TOA 

reflectances. This simple model, however, explained only 30% of the variance of 

surface visible reflectance. For the surface near-infrared reflectance, on the other 

hand, 71% of the variance was explained, instead of 66% for TOA reflectances. Also 

the angular dependency of surface near-infrared reflectances was higher than for 

TOA data. 

These results might be explained by a larger impact of aerosol optical depth on 

the visible rather than on the near-infrared measurements (Tanre et al., 1992) and 

the use of a constant optical depth for atmospheric correction. Xear-infrared 

measurements, however, are less sensitive to aerosols, particularly when data with 



large optical depths have been remo\.cd, but a r e  still sensiti1.e to atmospheric ivater 

vapor Mrhich has only been accounted for by ECMWF ilveather forecast model 

analvsis predictions. The plots presented in figure 5 suggest that atmospheric effects 

tend to smooth the angular dependency of TOA reflectances, a t  least in  the NIR 

channel. 

Leaving aside the problems of sensor degradation, which are assumed to be 

taken care of in the pre-processing stage (Kaufman and Holben 1993, Kerr et al. 19931, 

we modeled the observed reflectance, Rj(t ) ,  in channel i ( i= l  for VIS and i=2 for 

NIR) over a given period as: 

where Ro is the isotropic component of the reflection, Ut) describes the temporal 

evolution of Ro, and G is a function of the viewing geometry, namely the solar 

zenith angle, qs, the viewing angle, qv I and the relative azimuth, f = fs - fv, all of 

these angles varying with the time of the observation. 

In the above equation, the F(f) function accounts for the evolution of ROi 

driven by changes in surface properties such as vegetation growth and senescence. 

Fluctuations of bidirectional reflectances, R j ( t ) ,  resulting in varying illumination 

and viewing conditions are accounted for by the bidirectional function G which is 

assumed to be constant throughout the study period. The underlying assumptions 

are that the bidirectional reflectance model changes at a slower rate than the 

amplitude of the reflectance. X O F ( t )  should allow us to accurately monitor the 

I temporal evolution of surface reflectance and infer informa tion about surface 



properties, e. g. \.?getation phenology and soil albedo changes \\*ith \cater content. 

h4ore details on the model can he found in Ba et al., 1994. 

We assumed that the temporal variation of reflectances F(1)  (i.e., phenological 

changes in the surface vegetation) over a season can be described as a Fourier series 

(e.g., see Sellers et al., 1994). The underlying assumption is that the vegetation 

response to environmental conditions (e. g., rainfall, drought, etc.) ranges every few 

days. The function F ( t )  reads: 

n=l 

where w = 2p/184 when t is the day (day 1 = May 1 and day 184 = October 31), and N 

the number of harmonics. As in Ba et al. (1994), we limit the number of harmonics 

to N = 5 to include a sufficient number of harmonics to describe seasonal reflectance 

changes associated with vegetation changes. The constant a n  and bn are 

introduced to normalize to the unity of the average F(t) over the study period. If P 

denotes the number of observations, and subscript j the observation at time fj, we 

have: 

j=l j=1 

The bidirectional model is a combination of two angular functions fl(qs,qvf) and 

f 2 ( q ~ , q ~ f ) ,  and is given by: 

(4) 



f 

where fl and f2 , like a ,  and of the temporal model, are constants which 

have to be empirically determined from the data. The right-hand side of Equation 4 

is the sum of three terms that account for specific directional behaviors, namely 

isotropic, azimuthally-independent, and azimuthally-dependent, yet symmetric. A 

number of functions may be candidates to represent the functions f i  and f2 . As i n  
, 

the study conducted by Ba et al. (19941, using A\’HRR data acquired in 1987 over the 

Konza Prairie during FIFE, the best results here were also obtained by the 

combination of functions given by: 

1 
fi = cos q s  + cos q” 

f2 = sin q,sin qv cos f 

(5) 

(6)  

The function fi in Equation 5 represents the angular effects associated with 

any isotropic volume scattering by a thin layer, such as a layer of vegetation or the 

atmosphere. It also represents the angular effects of attenuation/ transmission 

through an absorbing medium. The function in Equation 6 accounts for 

asymmetric effects (the term f, which increase with solar and viewing angles (the 

term sinqssinq,) . This describes most of the anisotropic effects resulting from the 

roughness of bare soil and from the structure and inclination of leaves within the 

vegetation canopy. 
I 0 

The constants fl and f2 are introduced, like a n  and bn of the temporal 

model, to normalize the average G to unity. These are given by: 



l\.here the subscript j denotes observation j of the dataset. With the average F and G 

normalized to unity, R g  in equation 1 represents the average reflectance over the 

study period. 

An iterative scheme is used to determine the twelve parameters of the non- 

linear reflectance model defined by Equation 1. Since the bidirectional and temporal 

components of the model, F and G, are linear in cosine and sine functions, our 

approach was to retrieve F and G successively using a multivariate linear regression 

and to iterate until convergence occurs. Figure 6 shows this analysis graphically. 

The least square multiple linear regression to estimate the bidirectional model was 

between the observed reflectances, R(t ) ,  normalized by the previously estimated (last 

iteration) F ( f ) ,  with F ( t )  equal to 1 as a first guess, and the two functions fl and f2 . 
I 

The results were the coefficients , Rg , g l  and 82. Similarly, the least square multiple 

linear regression to estimate the time model was between the observed reflectances, 

R(t),  normalized by the previously estimated G, and the series cos nwt - a, and s i n  

nwt - b,  . These results were the coefficients Rg,  a ,  and b,, for each of the 

channels. Thus, at each iteration, Rg is determined twice, but the difference between 

the two estimates was always negligible owing to the normalization of F and G 

(constants fi and f2 , a ,  and b ,  >. Convergence was obtained rather rapidly after 

a few iterations, but ten iterations were used to secure stable results. 

6. Results 

The iterative scheme was applied to each of the datasets for both TOA and 

surface reflectances. We first present separately the results obtained for TOA and 



surface reflectances, then, we discuss the relatix'e performance of the model ivith 

these two different data sets. 

6.1.  Results a i  TOA 

For all sites and both channels, the model explained 85-88% of the variance 

(Table 1, Figs. 7a-7c and 8a-8c). Bidirectional model parameters derived for the three 

sites (Table 2) were rather stable, with a lower 81 parameter in the near-infrared 

band than in the visible. The residual errors after regression were quite small 

compared to average reflectances, and were only 5 and 4% of R01 and Xo2 for each of 

the sites, respectively. 

The modeled NDVI, computed from the modeled reflectances, agreed well 

with the observed NDVI (Figs 9a-9c). An interesting feature was that the correlation 

was higher between the predicted and observed NDVI than between modelled and 

predicted reflectances : 90-937~ of the NDVI's variance was explained by the model. 

A possible explanation is that the combination of visible and near-infrared 

reflectances in NDVI tends to limit the impact of bidirectional behavior which was 

not accounted for by the bidirectional function G.  

Figures loa-10c and l l a - l l c  show RoF(t),  i.e. the temporal profiles of the 

isotropic component of the reflection, for the visible and near-infrared channels, 

respectively, and figures 12a-12c show the resulting NDVI. 

6.2.  Results w i th  atmosphericaIly corrected reflectances 

For all sites, the model explained 79-81% of the variance in the visible, but 86- 

89% of the near-infrared variance (Table 1, Figures 7d-7f and 8d-8f). Bidirectional 

model parameters derived for the three sites (Table 2) were rather stable, with 



higher values for the 31 and 32 parameters in the near-infrared than in the \.isible 

band. The residual errors after regression were 6 %  of R01 for \risible reflectances and 

4-5% of R02 for near-infrared reflectances. 

The modeled NDVI, computed from the modeled reflectances, agreed well 

with the observed NDVI (Figs. 9d-90. About 92% of the variance of NDVI was 

explained by the model. Figures 10d-10f and l ld - l l f  show7 RoF( t )  for the visible and 

near-infrared channels, respectively, and figures 12d-12f show the resulting NDVI. 

6.3. Relative performance of the model wi th  TOA and atmospherically corrected 

ref1 e c f  a n ces 

Atmospheric corrections only slightlv increased (4-77~) visible reflectances 

(Table 2) since for reflectances of the order of 0.25-0.30 the effect of atmospheric 

scattering is nearly neutral. In other words, atmospheric reflectance correction 

(substraction from TOA reflectance) is compensated by correction of total diffuse 

transmission. On the contrary, atmospheric corrections led to a large increase (35%) 

of near-infrared reflectances which can mainly be attributed to the correction of 

water vapor absorption. 

In terms of explained variance and rms errors, the reiative performances of 

the model with TOA and atmospherically corrected near-infrared were very similar. 

In contrast, in the visible channel, the results were slightly better with TOA than 

with atmospherically corrected reflectances. As previously mentioned, the ma in  

atmospheric effect in the near-infrared channel is water vapor absorption, while 

aerosols play a major role in the visible (Tanre et al. 1992). The better results 

obtained with near-infrared than with visible reflectances may have resulted from 



more accurate data for i\.ater \rapor content than aerosol optical depth (see Ouaidrari 

et al., 1994 for a comparison of ECMWF \\Taper vapor data L j - i t h  radiosondings). I n  

addition, the water vapor amount was rather high during the rainy season and  

absorption quickly saturates. Errors in the w-ater vapor amount ha\re less impact on 

the surface reflectance estimates than inaccuracies in the assessment of aerosol 

optical properties (optical depth, phase function and single scattering albedo). 

Atmospheric correction also modified the value of the bidirectional function 

parameters, 81 and 82 (table 2). The 81 parameters became rather similar in the 

visible and near-infrared channels (approximately 0.7) instead of approximately 0.8 

and 0.5 in the TOA visible and near-infrared data, respectively. It is assumed that gI 

accounts for isotropic volume scattering and absorption processes. It probably 

accounts for the water vapor absorption when fitting near-infrared TOA reflectances 

and, therefore, increases when this absorption is explicitly corrected. In other words, 

at large viewing angles, water vapor absorption lowers the TOA reflectances, while 

directional effects increase them. This compensating and smoothing effect of both 

processes on TOA reflectances is removed by an atmospheric correction, leading to 

an  increase of the reflectance directionalitv and of the 81 parameter at near-infrared 

wavelengths. The 82 parameter was rather stable for channel 2, probably because 

water vapor absorption depends on the optical path but not on the relative azimuth. 

and 82 parameters decreased 

when fitted with atmospherically corrected data, compared to the TOA 

measurements. The explanation is complex, since several processes interact and a 

more comprehensive analysis based on radiative transfer modelling would be 

needed : i) most of the AVHRR observations fell in the principal plane and in this 

configuration there is i! strong difference of aerosol effects between backward and 

forward scattering, and, therefore, a strong directionality of TOA reflectances that is 

partly removed by the approximate correction of aerosol scattering we aDDlied : i i )  

In the visible channel, the values of the gl 



the surface reflectance icas roughly 0.3, a value that leads to a slight decrease of TOA 

reflectance by scattering compared to the surface, this decrease being larger for h igh  

viewing angles and therefore partly compensating the increase of surface directional 

effects. Even though aerosol optical depths are not accurately accounted for, we 

expect that the applied correction partly removed the directionality due to aerosol 

scattering and led to a decrease of 81 and 82. 

6.4. Comparison of model performances dur ing  d r y  and we t  season 

As land surface characteristics change depending on the state of vegetation, 

particularly during the transition (growth/decay) phases, the bare soil and a fully 

developed canopy may have a different BRDF. We therefore apply the bidirectional 

function separately on TOA data collected in May-June (the end of dry season) and 

during the rainy season (August-September) when the vegetation is expected to be 

fully developed. For all three sites, 87-90% and 77-88% of the variance was 

explained by the bidirectional function in the visible and near-infrared, respectively, 

during the May-June period. During the August-September period, the bidirectional 

function explained 71-81% and 79-88% of the variance in the visible and near- 

infrared, respectively. Thus, the BRDF alone explained most of the variance of 

calculated reflectances under different phenologcal states of vegetation cover, and i t  

also indicated that angular effects are major contributors to data fluctuations in  

agreement with a previous study (Ba et al., 1994). The constant, 81, was two times 

greater for August-September than for May-June, but the constant, 82, was in the 

same magnitude for the two periods with a slightly lower value during the rainy 

season. Although the value of these constants were different for the dry and rainy 

seasons, the results showed that the bidirectional model may be generally suited 

under different surface conditions. Determining the temporal function for the dry 



and wet seasons would hz1.e required dividing the datzset and, thus, separately 

considering subsets containing too few observations for statistical significance. Still, 

the performance of the bidirectional model, applied with single constants 81 and 82 

for the dry and wet season, was good. Tne values of constant 81 were more than 

seven times greater than those of constant 82, indicating the predominance of non-  

azimuthally dependent effects over azimuthaliy-dependent ones. This is also i n  

agreement with a previous study using the dataset acquired in 1987 over tall grass i n  

the Konza Prairie (United States) during FIFE (Ba et al. 1994). 

7. Summary and conclusions 

Vegetation phenology can be monitored by the NDVI calculated from 

NOAA/AVHRR data over the entire globe. The composite of maximum NDVI 

over one week of a given period does not eliminate all cloud contamination, 

particularly for regions in which clouds are present for several consecutive days. 

However, in the present study, the normalization incorporated in the NDVI 

substantially minimized the angular effects in the HAPEX-Sahel data. A simple 

model was used to separate the temporal and bidirectional effects on NDVI. The  

temporal function represented the surface cover change over a long period of time. 

The study showed that most of the variance (7948% ) was explained by the coupled 

time and bidirectional models. 

The values of constant 81 found for the Konza Prairie were approximately 

two times greater than those for the HAPEX-SAMEL and the values of constant 82 

were three times greater. It is to be expected that, the more vegetation there is 

present, the more these terms will be important and the less the short vegetation (as 

in the Sahel 1, the less important they are. Thus, our results suggest that the two 



bidirectional functions are \$*ell suited to represent the physical process of scattering 

and anisotropy of land surface vegetation generally. 

The comparison of the results obtained with TOA and atmospherically 

corrected reflectances suggested that a more comprehensive study is needed to 

account for the various interacting processes. However, i t  does confirm that the 

impact of aerosols is a major issue in the Sahelian region and we have mentioned 

that our cloud filtering procedure does not eliminate every large aerosol event. A 

compositing procedure based on the maximum NDVI Il-ould probably work better, 

but the drawback would be to limit the angular sampling needed to fit the 

directional model. The development of a sunphotometer network (e.g. Lavenu 

1993) and the availability of POLDER measurements and products by the end of 1996 

(Deschamps et al., 1994) should allow for better correction for aerosols effects. 
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Table 1. Comparison statistics between obser:.ed a n d  modeled reflectances. 

SOUTHERS SITE 

Standard deviations before 
modeliza tion 

VISIBLE (CHI) i 

0.039 0.041 

No. of points 

No. of points 

58 

VISIBLE (CH1) h'EAR-INFRARED (CH2) 

49 49 

I 
TOA GROUND 

1 TOA GROUND 
I 

Standard deviations before 0.040 0.040 

88 81 
modelization i 

Explained variance (%) 
RMS ERRORS 1 0.014 0.017 

TOA GROUND 

0.038 0.059 

88 88 
0.013 0.020 

NEAR-INFRARED (CH2) 

I VISIBLE (CH1) 

55 

G R 0 LTN 0 

i 

I 
No. of points 

58 

NEAR-INFRARED (CH2) 

55 

TOA GROUND 

TOA GROUND 

Standard deviations before ' 0.039 0.040 
modeiization i 

0.039 0.059 

0.038 0.057 

85 86 
0.015 . 0.022 

I 

Explained variance (9%) I 87 81 
RMS ERRORS ! 0.014 0.018 

88 89 
0.013 0.018 



Table 2. Bidirectional model parameters 

CENTRAL EAST SOUTHERN CENTRAL WEST 

CHI 

CH2 

CHI 

RO 

gl 

TOA GROUND TOA GROUND1 TOA GROUND 

0.289 0.31 1 0.257 0.268 0.267 0.283 

0.334 0.450 0.312 0.421 0.317 0.427 

0.741 0.667 0.686 0.847 0.658 I 0.852 - 
CH2 I 0.547 0.761 
CH1 0.133 0.075 

CH2 0.104 0.089 
g2 

0.506 0.716 0.534 0.740 
0.128 0.068 0.109 0.047 

0.124 0.119 0.097 0.088 



Table 3: Summary of statistics: Averages (MEAN) and standard deviations (STDV) 
of reflectances in visible (R1 ) and near-infrared (R2 ) and NDVI computed at three 
individual sites. 

R1 
MEAN R2 

NDVI 
R1 

STDV R2 
NDVI 

SOUTHERN CENTRAL EAST CENTRAL WEST 

TOA GROUND TOA GROUND TOA GROUND 

0.288 0.310 0.256 0.267 0.266 0.281 
0.334 0.450 0.312 0.421 0.31 7 0.427 
0.075 0.184 0.101 0.223 0.089 0.205 
0.039 0.041 0.040 0.040 0.039 0.040 
0.039 0.059 0.038 0.059 0.038 0.057 
0.048 0.057 0.050 0.064 0.053 0.065 

Values normalized 

CENTRAL EAST I CENTRAL WEST 

I 
TOA GROUND 

0.257 0.268 
0.312 0.421 
0.098 0.225 
0.027 0.038 
0.017 0.028 
0.053 0.062 

I TOA 

0.267 0.283 
0.317 0.427 
0.087 0.206 

' 0.029 0.039 
0.020 0.029 
0.057 0.062 

by bidirectional function 

R1 
MEAN R2 

NDVI 
R1 

STDV R2 
NDVI 

TOA GROUND 

0.289 0.31 1 
0.334 0.450 
0.074 0.185 
0.028 0.037 
0.021 0.031 
0.049 0.055 

I 1 



Figure Captions 

Fig. 1. Time series of NOAA-AVHRR data averaged over v,yindoihrs of 15 x 15 pixels 
selected from the HAPEX Sahel area (a) TOA-reflectance in visible, (b) TOA- 
reflectance in near-infrared, and (c) brightness temperature (channel 4). The spatial 
standard deviation associated with each average value is represented by a vertical 
bar. Data for all three sites (Southern, Central East and Central West) were 
considered together. 

Fig. 2. Relationship between standard deviation (visible) and average brightness 
temperatures (channel 4). All three sites (Southern, Central East and Central West) 
are considered together. 

Fig. 3. Time series of NOAA-AVHRR cloud-filtered data averaged over windows of 
15 x 15 pixels selected from the HAPEX Sahel area . TOA-reflectance in visible (left 
side hand) and TOA-reflectance in near-infrared (right side hand). For each average 
value selected as cloud-free, the standard deviation in visible is small and brightness 
temperature is high. The top, middle and bottom plots represent Southern, Central 
East and Central West sites, respectively. 

Fig. 4. Time series of NDVI from NOAA-AVHRR (top) and rainfall (bottom). The 
left, middle, and right plots represent Southern, Central East and Central West sites, 
respectively. Within each site, we averaged rainfall measurements of about 5 
stations. 

Fig. 5. Reflectances in the visible (top) and near-infrared (bottom) as a function of 
viewing angle, all three sites considered together. TOA-reflectances (left) and I 

ground-reflectances as computed from SMAC (right). 

Fig. 6. Scheme to iteratively determine the parameters of the reflectance model. 

Fig. 7. Observed versus modeled reflectances in the visible. TOA-analysis (left) and 
ground-analysis (right). The top, middle and bottom plots represent Southern, 
Central East and Central West sites, respectively. 



Fig. 8. Observed versus modeled reflectances in the near-infrared. 
(left) and ground-analysis (right). 
Southern, Central East and Central West sites, respectively. 

TOA-analysis 
The top, middle and bottom plots represent 

Fig. 9. Observed versus modeled NDVI. TOA-analysis (left) and ground-analysis 
(right). The top, middle and bottom plots represent Southern, Central East and 
Central West sites, respectively. 

Fig. 10. Time series of observed and modeled reflectances in the visible. TOA- 
analysis (left) and ground-analysis (right). Crosses represent the observations. Dots 
represent the observations normalized by the bidirectional function. The top, 
middle and bottom plots represent Southern, Central East and Central West sites, 
respectively. 

Fig. 11. Time series of observed and modeled reflectances in the near-infrared. TOA- 

analysis (left) and ground-analysis (right). Crosses represent the observations. Dots 
represent the observations normalized by the bidirectional function. The top, 
middle and bottom plots represent Southern, Central East and Central West sites, 
respectively. 

Fig. 12. Time series of observed and modeled NDVI. TOA-analysis (left) and 
ground-analysis (right). Crosses represent the observations. Dots represent the 
observations normalized by the bidirectional function. The top, middle and bottom 
plots represent Southern, Central East and Central West sites, respectively. 
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Abstract 

This paper evalutes the rainfall conditions of 1994 in  the West African Sahel. 

This analysis confirms that the \‘ear ivas relatii~elv wet in  the Sahel. The strongest 

positive anomalies occurred in  the central Sahel and during the months of August, 

September and October. Conditions in the western Sahel were, as a whole, 

relatively dry. This year was the wettest for the region as a whole since 1969. 

Nevertheless, rainfall barely exceeded the long-term mean and was still slightly sub- 

normal in southern Sahel (i.e., the Soudan zone). 



1 .O Introduction 

A number of recent reports halye suggested that I994 i \ * a s  one of the \t'ettest 

years of the last quarter centur\' (e.g., LeCornpte et al. 1993). Some contradictor\' 

information \.\'as recentl\r offered by C. J .  Tucker (personal communication), \?-hose 

analysis of the Normalized Difference Vegetation Index i n  the "Sahel" (e.&., Tucker 

et  al. 1991) suggested conditions similar to 1980, a relatively dry year. Some oi the 

disagreement in the results can be attributed to the authors' definitions of the Sahel, 

i.e., differences i n  the analysis domain. Nevertheless, these discrepancies and a 

recent opportunity to obtain an expanded data set for the western "Sahel" prompted 

this note, which examines the 1994 season in detail. 

The analysis is based on a regionalization (Fig. 1) used in previous studies 

(e.g., Nicholson and  Palao 1993). This note focuses on the semi-arid zone west of 

Lake Chad, because rainfall data are unavailable for the eastern sector. A satellite 

analysis provides some information for the eastern sector. The analysis domain of 

LeCompte et al., which they term the "Sahel", runs from 8 K to 18 N. I t  coincides 

roughly with regions 13, 14, 15, 18, 19, 20 of Fig. 1. In our terniinology, the Sahel is 

the northern half of this sector (regions 13, 14, 15), and the Soudan is the southern 

half of the sector (regions IS, 19, 20). Our regions 23 and 24, for which we have little 

data, are a t  the southern extreme of the domain and are termed the Soudano- 

Guinean zone (see Nicholson 1985). The station network for 1994 is illustrated in 

Fig. 1. 

2.0 Spatial Distribution of Rainfall Anomalies 

The first analysis is the rainfall departures for the whole region for the vear 

1994 and for the individual months of .Ma\. through October (Fig. 2). FolloI\Ting 
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yreiiious studies (e.g , Sicholson 1985, 194)2), departures art '  standardized a t  each 

indiLridua1 station by di\,iding the departure from the iong-term annual mean by 

the standard departure of annual totals at the station. 

For the year as a [\.hole, the rainfall anomalies are not coherent throughout 

the SaheliSoudan. This is in contrast to the most common mode of variability; 

zonally coherent anomalies, with anomalies often of the opposite phase to the 

north and south of 10 L' (Nicholson 1980). No such zonal orientation is apparent. 

Strong positive anomalies, commonly one to two standard deviations, generally 

prevail in the sectors from c. 12 W to 5 and c. 0 W to 15 E. Elsewhere negative 

anomalies prevail; these are quite variable in magnitude and exceed one standard 

deviation in several areas. In areas with above normally rainfall, percent departures 

from the long-term mean (not shown) are generally on the order of 20 to 6070, with 

equally large negative departures in the western Sahel. 

I 

The monthly anomaly patterns (Fig. 2) confirm the lack of coherence 

I throughout the region; spatial variability is extremely high in most months. 

Overall the extent and magnitude of the positive anomalies increase throughout 

the rainy season. Rainfall is below average nearly everywhere during May; 

conditions in June and July are only marginally better. B y  August, positive 

anomalies on the order of .5 to 1 standard deviations are dominant in much of the 

Sahel/Soudan zone, but in  the west there are negative anomalies of similar 

magnitude. September anomalies are strongly positive throughout most of the 

zone (generally 1 to 2 standard deviations), but equally strongly negative in the west. 

By October, positive anomalies are nearly ubiquitous and as much as several 

standard deviations in magnitude, while negative anomalies are limited to areas 

near the west coast. 

I 

The very strong anomalies in October are quite unusual in the region. This is 

near the end of the rainy season in most of the analysis sector. This may be a 
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manifestation of the 1TCZ maintaining a northilvard posi t ic \ : i  for n n  anonialously 

long time. 

Fig. 2 clearly demonstrates the contrast between TuneJuly and August- 

september.  This confirms the findings of Nicholson and Palao (1993) that 

conditions in June  and Juljy are  quite independent of conditions in August- 

September. It further underscores the point that reliable seasonal prognoses cannot 

be based on rainfall early in  the season. 

3.0 Comparison with Earlier Years 

Fig. 3 compares 1994 with earlier years via times series (Fig. 3 )  for the period 

1950 to 1991 for each region depicted in Fig. 1. The number of stations available 

during 1994 is indicated for each region is indicated in Tab. 1. Because in some 

regions fewer stations are available than during previous years, the time series were 

initially calculated in two ways. One used all available stations, the other, only 

stations available during 199-1. The resultant time series ivere nearly identical, 

indicating the high degree of coherent variability within each of these regions. 

These time series confirm that 1994 was still a dry year in the west (regions 13, 

IS), but that rainfall exceeded the long-term mean in the eastern sectors. In the 

central-Sahel/Soudan, 1994 was the wettest year since the 1960s (regions 14, 15, 19, 

20), but barely reached the mean in the southern extremes of the Sahel (regions 23, 

24). 

The long-term variabililty for the Sahel, Soudan, and Soudano-Guinean 

zones as a whole is shown in Fig. 4. These suggest that 1994 bzrely exceeds the long- 

term mean in the Sahel and Soudan zones, and  just reaches the mean in the 

Soudano-Guinean zone. Nevertheless, in the Sahel and Soudan, 1994 is the wettest 
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year since the late 19605, but i t  is still \.er\’ d n l  compared to the 1950s a n d  many 

earlier wars.  

These time series are someItyhat biased b\. the spatial distribution of stations, 

which is denser in the  est. To o\:ercome this problem, a n d  to examine variability 

in the eastern Sahel, we have evaluated rainfall from Meteosat data .  The cold-cloud 

frequency method described in  Ba et al .  (1995), which reproduces over 80% of the 

variance of rainfall, was applied to produce an areal average for the sector 9 N to 18 

N (further south the method does not produce good estimates of rainfall) (Fig. 5). In 

this analysis, values are expressed as departures from the mean for the 1983 to 1994 

period, since a longer term mean cannot be calculated from satellite data. 

The sa t e 1 1 i t e es ti ni a t e s 11 o 1.z~ s ex cell e 11 t a g r e e ni e n t w i t h a re a 1 1 y - a v era g e d 

station data for this sector from the west coast to 15 E. It also indicates that the 

areally-averaged rainfall anomaly for the eastern Sahel (the sector 15 E to 30 E) is 

almost exactly the same as for the more western sector. The axalvsis confirms that 

1994 was relatively wet, compared to recent years, but only marginally wetter than 

1988, yet the wettest since 1969. 

4.0 Summary and Conclusions 

Rzinfall conditions during 1994 v,-ere extremelv good in much of the Sahel, 

particularly the central Sahel, but well belov,. normal rainfall prelrailed in western 

sectors. For the zone as a whole, rainfall barely exceeded the long-term mean. 

Nevertheless, in the Sahel and Soudan, 1994 is the wettest year since the late 1960s, 

but still relatively dry compared to the 1950s and many earlier years. 

The wet conditions are generally limited to the months of August, September 

and October; any seasonal estimates based on early season rainfall would have been 

highly inaccurate. The extent and magnitude of positive anomalies continually 
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increased during the course o! tht. season. The strong ,?no~naIies in  October and the 

p r e i 1 i 11 g zon a 1 i n 11 om o ge n ei i i e s are  11 i g 11 1 y u n u s u a 1. 
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Table 1 .  S u n i b e r  of Rainfal l  Stations a ~ ~ a i l a b l e  in 1993, b j ~  Iiegion 

23 

Number of stations I 

13 

13 11 

18 29 

19 15 
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Fig. 1 Station netli-ork and cliinatological regions in the Sahel and Soudan zones of 

\Yes t Africa. 

Fig. 2 Top: Map of annual rainfa 

Bottom: monthly rainfall departures (70 standard 

October of 1994. Areas with no a\railable data are 

Units are standard departures. 

1 departures (% standard departure) for 1994. 

departure) for May through 

ndicated by dashed lines. 

Fig. 3 Annual rainfall departures (7c standard departure) for regions depicted in Fig. 

1 for the period 1950-1994. a. Sahelian regions, b. Soudanian regions, c. 

Soudano-Guinean regions. 

Fig. 4 Annual rainfall departures (%, standard departure) for the entire Sahel- 

Soudan zone, based on an average of all stations in the eight regions shown 

in Fig. 1. 

Fig. 5 Spatially-averaged annual rainfall departures (% standard departure) for the 

area between 9 0 and 18 0 N. The solid line represents an average of station 

rainfall in this sector to 15 0 E, the dashed line represents satellite estimates 

based on a one-half degree grid; the dotted line represents satellite estimates 

for the area between 15 E and 30 E. 
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Abstract 

This article presents the results of an  experiment in estimating rainfall from the 

Normalized Difference Vegetation Index (NDVI). The study is carried out in the 

semi-arid region of south and southern Botswana, principally the Kalahari desert 

where few rainfall reporting stations exist. A statistical regression between NDVI 

and rainfall is developed for four areas with diverse soil conditions. These are used 

to estimate rainfall a t  an independent station or group of stations. The estimates 

reliably capture both the seasonal cycle and interannual variability. These 

regressions are used to produce a map of mean annual rainfall for the period 1982 to 

1993, based on NDVI data, for the region 22 to 27 0 S and 20 to 26 0 E. The estimates 

are verified using all data available in the Meteorological Services' archive for these 

years. 

.- 

. -a 



Introduction 

In arid and semi-arid en\yironments rainfall is a critically important, but in 

most such regions there are relatively few locations \$,here rainfall is monitored. 

The rainfall records which exist are often cover only 20 or 30 years or less; in some 

remote desert locations they are insufficient to even reliably assess the seasonality of 

rainfall. For these reasons, the spatial and temporal variability of rainfall - 

fundamental determinants of environmental conditions - are not well documented 

in many dryland regions. 

The Kalahari of Botswana illustrates this point well. Over an area of 60,000 

km2 there are 6 stations with rainfall records exceeding 35 years in length. A few 

scattered stations exist in the Kalahari's most arid core, but the data are 

discontinuous and, in some cases, of questionable quality. The available records 

suggest that mean annual rainfall throughout the region ranges from 250 to 450 mm 

(Fig. I), but an aerial survey of vegetation density suggests that a more arid core may 

exist. Satellite methods developed for other areas of Africa have been applied by the 

Meteorological Services to assess rainfall, but do not appear to be appropriate for 

Botswana, where the rainfall regime is a hybrid between convective and frontal 

systems. 

In this paper, we present the results of an experiment in estimating rainfall 

from vegetation, using vegetation-rainfall relationships demonstrated in previous 

studies of our lab (Nicholson and Farrar, 1994; Farrar et al., 1994). The basis of the 

methodology is a statistical regression between rainfall and the remotely sensed 

"Normalized Difference Vegetation Index", or NDVI. The Kalahari lends itself to 

such an experiment because of its relatively uniform soil and vegetation cover, its 

lack of significant topographic features, and the absence of surface water sources. 
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However, the method c a n  5e applied !o m a n y  other arid and semi-arid 

environments \\-hid] are also i\.a ter-limi ted ana rcla tively homogeneous. 

The Geographical Framework 

Botswana encompasses nearly 106 krn2 in the latitudes 18 to 270 S. It sits on a 

plateau with average elevation of 1000 m and is surrounded by areas of higher relief. 

Most of the country is a semi-aid plain of unconsolidated sands, referred to as the 

"sandveld". This is the Kalahari, a region notable for its lack of permanent or even 

seasonal water courses (Thomas and Shaw, 1991). The "sandveld" is bounded in the 

east by a north-south ridge which separates i t  from the "hardveld", an area of well 

developed soils, small hills and undulating plains, and active erosion (De Wit and 

Bekker, 1990). To the north lie lacustrine and alluvial systems: the Okavango delta; 

the Linyanti, Chobe and other rivers; Lake Ngami, and the Mababe and the 

Makgadikgadi depressions. 
- .  

Rainfall in the Kalahari is mostly convective and varies greatly from year to 

year. It is strongly seasonal; i t  occurs mostly from October to April, coincident with 

the period of highest potential evapotranspiration (Bekker and De Wit, 1991; 

Bhalotra, 1987). Rain occurs occasionally in May  and September, but it is rare in 

June through August. 

Vegetation is relatively uniform in the sandveld; there are relatively few 

species but markedly different plant communi ties with varying proportions of 

woody, herbaceous plants and grasses (Prince and Choudhury, 1989; Bekker and De 

Wit, 1991; Thomas and Shaw, 1991). The most widespread woody species is 

Terrninalia sericea, but  Acacia sp. are also common. The main grasses are Arist ida,  

Eragrostis and Stipagrosf is .  The drier part of the sandveld is 2 shrub savanna also 

called the thornveld; the wetter northern part is predominantly a tree savanna. 
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The presence of the Kzlahar i  sands, arenosols icith a sand content of over 

go%, distinguishes the Kalzhari  from the hardlreld and other regions of BotsXsTana. 

These soils are poorly dei.eloped. Although relatively uniform, three subtypes are 

recognized in the region: ierralic, luvic and haplic arenosols. The differentiation is 

based on iron content (ferralic), illuvial clay (luvic) and absence of any special profile 

features (haplic). Some areas are covered by rocky regosols. In the southeastern 

hardveld, which is included in our s tudy  area, lixosols and luvisols are the 

dominant soil types. These have a high sand content and an illuvial clay horizon, 

but little silt; the lixosol are also iron-rich (formelrly calleld ferric luvisols). 

Background Studies on the NDVI-Rainfall Relationship 

The differential reflection of vegetation in the red and infrared portions of 

the solar spectrum provide a widely used indicator of vegetation, termed the 

Normalized Difference Vegetation Index. Numerous studies (e.g., Sellers, 1985; 

Prince, 1991a; Prince et al., 1994) have shown that this index essentially represents 

photosynthetic activity. However, in arid and semi-arid locations it has also been 

shown to correlate with other vegetation parameters, including biomass, LAI, 

percent cover and  net primary productivity. Because of the close links between 

these parameters and rainfall, NDVI-rainfall relationships have been studied in 

numerous locations (Justice and Hiernaux, 1986; Henricksen and Durkin, 1986). 

NDVI has been used to assess primary production and biomass (e.g., Prince and  

Tucker, 1986; Diallo, 1986; Prince, 1991b). It  has been used operationally as an  

indicator of the interannual variability of rainfall and greenness, particularly over 

Africa. 

Nicholson and  Farrar (1994) studied the NDVI-rainfall relationship over 

Botswana in detail for the period 1982 to 1987, but did not attempt to use NDVI to 
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estimate rainfall. The anal\rses sho\t-ed universally strong correla tioxs bet\z,cen 

I NDIV and rainfall and demonstrated that  the interannual \variability of rainfall a t  

all locations is well depicted by the time series of NDVI. Correlation coefficients 

based on monthly data are generally on the order of .7 to .9, w i t h  the best 

correlations obtained being NDVI and a three-month average of rainfall in the 

concurrent plus two antecedent months. On an annual basis, the twelve-month 

integral of NDVI is even more strongly correlated with rainfall and the scatter 

lower. 

There are, however, considerable differences in the quantitative relationship 

between the NDVI and rainfall at various locations in Botswana. These differences 

are strongly dependent on soil type (Fig. 2). The slope of the NDVI-rainfall 

regression ranges from 1.5 for the sandy arenosol soils to 2.0 for the clay-rich 

vertisols in the north (Nicholson and Farrar, 1994). 
I 

This paper builds upon these conclusions to design an experiment to actually 

estimate' rainfall from NDVI in data sparse regions of the Kalahari. This previous 

work underscored the need to separately evaluate various soil types and 

demonstrated that NDVI represents a multi-month integral of rainfall. I t  also I 

demonstrated the spatial variability of both NDVl and rainfall. Unlike the previous 

study, which had available only data from major stations, the current study details 

with data sparse regions of the Kalahzri in detail. I t  utilizes rainfall records for 

recently opened rainfall stations in that region. 
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Data 

This study utilizes monthly rainfall  totals and monthly-cornposited NDVI 

for the period 1982 to 1993. NDVI data Myere provided and processed by the GIh4hSS 

group at the Goddard Space Flight Center. NDVI is calculated form NOAA-AVHRR 

global area coverage (GAC) data, with a resolution of 4 km. The data are mapped to 

an equal-are projection with a grid cell of approximately 7.6 km (Tucker et al., 1991) 

For each rainfall station, a three-by-three grid cell average is utilized, with the center 

grid corresponding to station coordinates. A cloud mask is applied and daily values 

are formed into monthly composite images by using for each pixel the maximum 

NDVI within the compositing period (Holben, 1986). This minimizes the effects of 

atmosphere, scan angle 2nd cloud contamination. The definition of NDVI as a ratio 

minimizes the influence of varying solar zenith angles and surface topography on 

the derived data set. 

In addition, a correction was applied for stratospheric aerosols resulting from 

the Mt. Pinatubo eruption (see Los et a] . ,  1994). Aerosol optical depth in the visible 

and  IR channels of AVHRR was determined for an area in Pacific where 

tropospheric aerosol content is low. The measured radiances in these channels were 

inverted to obtain optical depth, using King et al .  's (1984) stratospheric aerosols 

model. The model was then applied, together with data from radiance tables of 

Deuze et n2. (19891, to correcting NDVI for the period July 1, 1991, to June 30, 1992. 

Quality control of the rainfall data was performed manually, because the 

standard statistical tests applied to such problems are inapplicable in semi-arid 

regions, where the rainfall distribution is highly skewed. Data were checked and 

evaluated in a manner consistent with quality control used on our laboratory's 

larger data set for the whole continent (e.g., Nicholson, 1986). Time series of data for 
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each station were graphed and col1lpaied th nearby stztions; seriousl\i 

discrepancies among nearby stations \\'ere evaluated; and questionable data were 

eliminated. 

Methodology 

A linear regression model was developed to quantify the relationship 

between NDVI and rainfall on monthly and annual time scales. This was used as a 

basis for predicting rainfall from NDVI. The regression was derived from station 

groups and evaluated for individual stations or a station group. It was then applied 

to estimating rainfall throughout the sector 22 to 27 0 S and 20 to 26 0 E, producing a 

map of estimated mean annual rainfall for the period 1982 to 1993 in this sector. 

This sector was chosen because it  is relatively homogeneous with respect to 

graphy, soils, and vegetation. The exception is the southeast corner, where a 

change of soils occurs and where there is slight topographic relief. 

The regession was performed on stations groups in four areas selected with 

respect to location, soil type and length of rainfall record. These areas and the 

stations within them are show? in Fig. 3; station names and mean annual rainfall at 

each station are indicated in Table 1. For each area the regression was used to predict 

rainfall at an independent station or station group, also indicataed in Table 1. 

The areas and stations within them were chosen in such a way as to be able to 

examine the effects of soil type, soil homogeneity, and areally-averaging on the 

regressions and on the reliability of rainfall estimates. The areas selected represent 

two distinctly different soil types and a mixture of types. 
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Unfortunateljr, the quantity a n d  quali tv of rainfall staiion r e c o r d s  imposed a 

limitation on the design of the regression experiments. Areas 1 and 2, with 

relatively similar soils, were chosen to examine the effect of spatial averaging of 

rainfall on the regression-based rainfall estimates. Lnfortunately too few rainfall 

data were available to produce good spatial averages. Area 3 was chosen to represent 

a mixture of soil types. The first three areas are in the sandveld, with soils being 

predominantly arenosols. Area 4 was chosen to represent a strongly contrasting 

region; it is an area of hardveld with a mixture of soils but mainly luvisols. 

Area 1 consists of luvic arenosols. A regression between NDVI and rainfall is 

derived from three stations relatively far apart and used to estimate an areal average 

of rainfall, Le., the average of three additional stations. 

Area 2 represents ferralic arenosols. The regression is based on three stations 

and is used to predict rainfall at one, the synoptic station Tshane. 

Area 3 represents a mixture of soil types. The regression is based on three 

stations representing a combination of regosols, ferralic arenosols, and luvic 

arenosols. It is used to estimate rainfall at the synoptic station Ghanzi, a location 

where both types of arenosols are common. 

In area 4, representing the hardveld luvisols, the regression is based on three 

stations and used to estimate rainfall at a fourth. As with area 1, the stations are 

relatively distant from one another. 

Monthly composited NDVI and monthly rainfall for the "predicted" stations 

and station group is shown in Fig. 4. Rainfall is a three-month average of that in 

the month concurrent with NDVI and the two preceding months. 

Regfession Analysis 
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Separate regressions \\-ere r u n  for annua l  and month lv  data. Because the 

calendar year bisects the rainy season, znnual  totals of XDVI and rainfall \\*ere 

computed from the twelve month period beginning in July, the middle of the dry 

season. This means that for the period 1982 to 1993, the number of complete years of 

data for each station is reduced from 12 to 11. As there 2re 3 stations in each area 

used for the regression, the maximum number of points for each regression is 33. 

However, the actual number available is always less because of missing data: The 

minimum number of data points available was 14 for are? 1. This was sufficient to 

perform a least squares linear regression. 

The time series of monthly NDVI and rainfall presented in Fig. 5 shows a 

close relationship between the two variables. However, i t  is clear that the response 

is not immediate and that NDVI tends to lag rainfall by one to two months. 

Nicholson and  Farrar (1994) showed that at the monthly scale the highest 

correlation is obtained by relating monthly NDVI to the averzge rainfall from the 

concurrent month and the two preceding months. For this reason, the linear 

regressions of NDVI versus rainfall are based on monthly composited NDVI and 

the three-month running mean for the concurrent and preceding months. After 

accounting for missing data  there were between 217 (area 2) and 387 (area 4) points 

available. 

Regressions for Predictiue Equalions 

A predictive equation for rainfall czn be obtained by running a regression of 

rainfall versus NDVI (as opposed to NDVI against rainfzll). However, it is noted 

that on both annual and monthly scales non-zero values of NDVI correspond to 

zero rainfall. These 'baseline' values of NDVI are the intersects of the regressions. 



They are associated i\*ith the background ei'ects of soil and  perennial \vege:s. tion. 

Their exact i-alue varies syatizlly due to differences i n  soil and  \?egctation. 

Without accounting for this baseline, there is a tendency for the predictive 

equation to underestimate rainfall in d r y  years. By first subtracting this baseline 

from the NDVI and then running a least squares regression of rainfall against this 

reduced NDVI a more reliable predictive equation is obtained. Therefore to obtain 

predictive equations, regressions of rainfall were run  against reduced NDVI at 

annual and monthly time scales. 

The predictive equations are in the form rainfall R = d + b x (NDVI - a). Here 

d essentially represents a minimum value of rainfall and b represents the slope of 

the NDVI-rainfall relationship; a is a correction applied to NDVI to account for the 

fact that it does not reach zero with vegetation growth declines to zero. The values 

of the coefficients for these equations are given in Tables 2 and 3 for the monthly 

and annual time scales, respectively. 

Results 

Regress ions 

At the annual scale, KDVI is very well correlated with rainfall (Fig. 5). The 

coefficient of determination, or r2, is on the order of .6 for all for areas. Values range 

from .62 for area 2 to .66 for area 4. The correlation between NDVI and rainfall is 

significantly lower on monthly time scales than on annual (Fig. 6). The value of r* 

ranges from 0.36 (area 1) to 0.53 (area 4). 

The fact that the monthly correlation is lowest for area 1 may be related to the 

small data sample; for the entire three-station group, only 14 station-years were 

available for the period of analysis. However, the sample size is similar for area 2, 



\\*:?ere the regression explains considernbll. more of the variance.  Other possible 

factors are examined later. 

4, as estimated by their predictive equations, are compared to the observed time 

series in Fig. 7. In general, the estimates effectively capture the trends in 

interannual variability and the magnitude of rainfall. The agreement between 

~ estimated and observed is, however, poorer for area 1 than for the other areas of 

arenosols. For all three remaining areas, agreement is exceptionally good prior to 

1989, but after that time the NDVI-rainfall relationship shows a systematic change in 

area 4. 

For area 1 the predictive equation is used to estimate rainfall for a three- 

The most serious discrepancy station average (Kang + Kokang + Mabutsane). 

between estimated and observed rainfall occurs in 1987/88, an exceedingly wet y e a  

I throughout Botswana. This discrepancy, noted to 2 lesser extent with area 4, almost 

certainly reflects the exceedingly high rainfall in individual months. hTDVI is 

insensitive to high intensity rainfall, which is relatively ineffective for plant 
I 

I growth. Overall, the agreement between observed and  estimated rainfall for the 

threestation average representing area 1 is poorer than for the other areas. 

The estimate for Tshane (area 2) differs from the observed by over 100 mm in 

both 1983 and 1992, but otherwise the estimates capture both the trends of 

interannual variability and the magnitude of rainfall extremely well. In all cases 

rainfall is overestimated in both 1991 and 1992 rainfall is underestimated. This may 

be a result of problems with the NDVI data. This is suggested by anomalously high 
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di\. season values :n those years, a problem evidenced to some extent a t  Ghanzi a s  

i$vell (see Fig. 4). This possibility is considered in the discussion section. 

The estimates for Ghanzi (area 3) show generally good agreement with 

observed rainfall, with the exception of 19SS/S9. NDVI underestimates the 

mzgnitude of rainfall in this anomalously wet year, although not in the preceding 

wet year. The NDVI-rainfall relationships in these years are  considered in the 

discussion of possible sources of errors later. 

The agreement between estimated and observed is poorer for Serowe (area 4) 

than for the other cases. NDVI over-estimates rainfall at Serowe in 1988/89, which 

wzs not a particularly wet year there. One explanation may be a residual effect of the 

previous wet year, an effect noted in the Sahel by both S. Prince and C. J.  Tucker 

(personal communication). We feel that more likely the NDVI estimate for that 

year is in error, as high "growth" is indicated as early as October, the first month of 

the rainy season (see Fig. 4). Neither a t  Serowe or other nearby stations is high 

rainfall noted in October. 

There appevs  to be a systematic overestimation of rainfall at  Serowe during 

1989 to 1992. The reason for this is not clear. Since it extends over a multi-year 

period, one possibility might be the introduction of agriculture or irrigation in this 

area. Agriculture is intense in some areas, such as Molopolole, and irrigation is 

practiced in the relatively nearby area of Tuli Block (Prince and Choudhury, 1989; 

Arntzen and Veenendall, 1986). Inquiry into this question found that a rhino 

sanctuary was recently created in this region (Dube, personal communication). The 

result would be relatively protected grazing that would increase the NDVI/rainfall 

ratio. This could account for an overestimation of rainfall from NDVI when the 

original regressions are used. 

Monthly 



The estimated and observed time series for stations in areas 1-1 are sho1z.n in Fig. 8 . 

Again, poorest agreement is for the three-station average representing area 1, y e t  

even here the season cycle and interannual variability are captured reasonabl\. well. 

The greatest discrepancies are those noted earlier: the wet year 1988 and the years 

1991 and 1992. The incomplete time series of observed rainfall for this area 1 

highlights the data problems suggested earlier as a source of error in the regression 

for area 1. 

For Tshane (area 2) the wet season and the onset and ending of the rains is 

represented well. In most years the estimate of peak monthly rainfall is within 10 to 

20 mm of the observed rainfall peak (the exceptions are the dry years 84, 85 and 87). 

A possible reason for the reduced accuracy in the dry years is that the vegetation 

withered prematurely under drought conditions. Other features include a slight but 

persistent tendency for the slope of the estimated end of wet season to be less steep 

than observed and occasionally the peak rainfall estimates are out of phase by plus 

or minus one month. 

Ghanzi (area 3) shows the best estimates of the seasonal cycles. The rising and 

falling limbs of the onset and end of the rains are in excellent agreement. So too is 

the timing of the peak rainfall. The magnitude of the peak rainfall is within 20 mm 

for over half the years. The peak is generally under estimated, particularly in the 

wettest year. 

For Serowe (area 4) the magnitude of the peaks are well estimated in all but 

two years. It is underestimated in the wet year (1988) and overestimated in the drj7 

year (1990). The onset and end of the rains are captured well, but with less precision 

thzn for Ghanzi (area 3). 

Correlations between observed and estimated rainfall 



The correlations between obscr\red a:id estimated rainfall  are given in Tables 1 and 

5. These range from .39 to .67 for annual data and .35 to .65 ior monthly data. The 

latter is considered particularly good because the correlations are based on between 

124 and 14-4 points. In both cases, the lov,-est correlation is for area 2 and the highest 

is for area 3 in the monthly case, but for area 4 in the annual case. 

For the monthly estimates (Table 4), the mean error is also lowest (13.4 mm) 

for area 3 and highest (19.2'mm) for area 4. This is equivalent to a 15-20 % error in 

the wet months but higher in the dry months. 

Much of the high correlation in the annual data results from NDVI's ability 

to reproduce interannual variability of rainfall, and not necessarily magnitude. The 

mean error (Table 5) ranges from 55 mm for area 3 to 116 mm for area 4; it averages 

83 m m  for all areas collectively. Nevertheless, these results are encouraging, 

especially for areas 2 and 3, and suggests that the regressions could be used for 

estimating the 11-year mean annual rainfall in the region. Indeed, because the 

errors are random and not biased, the estimate for mean annual rainfall is less than 

for individual years (Table 6). 

Mean annual rainfall over the Kalahari and adjacent areas. 

Fig. 9 is a map of mean annual rainfall in the analysis sector, based on the 

regressions with NDVI. To simplify calculations, soil type information has been 

generalized and the appropriate regression applied to the full set of NDVI data 

points, which has a 7.6 km resolution. For most of the map, the group regression 

based on the arenosol-dominated groups I, 3 and 3 (Tab. 3) is applied; for appropriate 

areas of the hardveld, the group 4 regression is applied. 

The map suggests a general increase in annual ranfzll from the southwest, 

where it is less than 200 mm/an, to the northeast, where i t  reaches 300 - 350 mm/an. 
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From 25 0 S to 27 0 S there is a strong if-esticard gradient, ilvith mean annual rainfall 

exceeding 500 mm in the far southeast, and locally reaching 600 mm. 

These estimates are based on the period 1982 to 1993, a relatively dry period 

throughout most of the continent (Nicholson, 1994). An analysis of annual totals at  

the few long-term stations in the region (Table 7) suggests that the long-term means 

(i-e., since the beginning of instrumental records, or roughly 60 to 70 years at  most of 

these stations).are probaby significantly higher than those indicated in the map in 

Fig. 9. At most stations mean annuzl rainfall for the recent period is 10 to 36% 

low-er than the long-term mean. 

The map in Fig. 9 differs from the conventional rainfall map (Fig. 1) in 

several ways, even when the above differences between the two periods of record 

are considered. There is a large area in the southwest where mean annual rainfall is 

less than 250 mm; within this is a more arid core with rainfall below 200 mm/an. 

The map based on rainfall indicates only a small sector with annual means below 

250 mm and suggests annual means on the order of 300 to over 350 mm in much of 

the area where the NDVI-based map suggests less than 250 mm. It also indicates 

lakge sectors in the northwestern Kalahari with mean annual rainfall exceeding 400 

mm, compared to about 300 mm on the NDVI based map. The NDVI-based map  

clearly indicates two distinct arid cores within the Kalahari, a feature not evident on 

the rainfall map. It is impossible to determine which of the two maps is most 

accurate; however, the paucity of rainfall stations in the region and the necessarily 

large degree of spatial interpolation would give weight to the NDVI-based estimates. 

Discussion: sources of error 

Sources of Error I 
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In relatively d ry  regions NDVI and rainfall a r e  highly correlated on both 

intra-annual and interannual time scales. Because of the complexit\? of factors 

affecting vegetation growth, a perfect correlation is not to be anticipated. This, of 

course, accounts for some of the errors in the rainfall estimates. Othei source of 

error in the estimates include the rainfall data used to derive and validate the 

regression, spatial inhomogeneities in biophysical conditions, problems in the 

satellite estimates of NDVI. 

The N D VI-ru infu I I  reIa t io nsh ip 

Vegetation growth in arid and semi-arid regions is generally water-limited, so that 

to a first approximately the rainfall-NDVI relationship is linear. The primary 

growth factor is not rainfall, however, but soil moisture availability. Although soil 

moisture and rainfall are well correlated in these regions, high intensity rains are 

manifested more as an increase in runoff, particularly if the soil is already moist. 

Thus, the increased rainfall is relatively ineffective for vegetation growth. This 

factor appears to account for some of the major disparities between estimated and 

observed rainfall. 

A good example is the wet year 1987/88; NDVJ systematicly underestimated 

rainfall in all years, but particularly so at the station Serowe. Moderate errors were 

registered for the estimates for Tshane and for the three-station average in area 1. 

The estimate was near perfect for Ghanzi. A look at monthly totals at these stations 

(Table 8) shows two months with exceedingly high rainfall at Serowe (241 and 380 

mm in December and February, respectively); one month with rainfall approaching 

200 mm in the other cases of Tshane and the three-station average, and a 

comparatively even distribution of rainfall within the season at Ghanzi, with the 

highest monthly totaly being 147 mm. Thus, the error in the estimates u e  roughly 



commensurate iiyith the peak monthly rainfall intensities. The errors are largest in 

the estimates b a e d  on NDVI in month with intense rainfall.  

It is interesting to note that, in contrast to 1987/88, rainizll is underestimated 

at  Ghanzi during 19SS/S9. Annual totals are roughly the same in the two years but 

during 1988/S9 rainfall exceeding 200 mm in one month. 

An additional reason that the NDVI-rainfall relationship breaks down under 

relatively wet conditions is that  above some threshold, rainfall ceases to be the 

limiting factor in photosynthesis 2s the photosynthetic capacity of the vegetation 

cover is approached (Prince et al., 1994). Since NDVI most directly represents 

photosynthesis (Sellers, 1985; Tucker and Sellers, 1986), the NDVI-rainfall 

relationshp breaks down. Previous studies in the region suggest that this occurs 

above a threshold of about 500 to 700 mm/an (Nicholson and Farrar, 1994; 

Nicholson et al., 1990, 1995). 

Rainfall data 

The analysis was severely limited by the availability of rainfall data in the anzlysis 

sector. For areas 1 and 2, only fourteen and fifteen station-years, respectively, were 

available for the development of the predictive equations. Because of the spatial 

scale of rainfall variability in arid regions can be smaller than that representative by 

NDVI, an attempt was made to base the regressions on multi-station averages. 

These would better represent areally-averaged rainfall. For area 1, however, several 

years are represented by only station. This means both that the random variability 

of rainfall significantly affects the regression and that the regression is biased 

towards the years for which more than one rzinfall station reported. Also, the small 

sampling affects the stability of the estimates. 

Another problem is errors in the rainfall datz. This is pzrticularly a problem 

Readings are taken less 

I 
at  the higher order stations reporting rainfall only. 



frequentlv and quality cont 01 is poorer, particula Iy in remote areas like the 

Kalahari. No estimate of the extent of this problem can be made. Ho\\yever, the 

initial quality control of the data suggested a significant probleni. Unfortunately, 

only extremely anomalous readings can be flagged. In czses like 1991/92 for the 

three-station average in area 1, the near-rainless year indicated by the few monthly 

totals available is probably an error. Missing observations are often erroneously 

reported as zero. This can account for some discrepancies between estimated and 

observed rainfall and probably accounts for the error in the estimate for area 1 for 

1991 /92. 

S p a f i a l  inhomogeneities 

This method assumes a certain homogeneity of vegetation at  nearby stations. This 

may be true to a first approximation, however, local vegetation anomalies may alter 

the relationship between rainfall and NDVI. Loczl differences in species 

composition, often related to local soil conditions, can play a role, as can vegetation 

that has been modified by human activities or that has been heavily grazed. Local 

areas with poor soil conditions likewise introduce variations in the NDVI-rainfall 

relationship, as does the introduction of irrigation. 

When the regressions are applied to producing maps of rainfall in the region, 

relatively homogeneous soils throughout large areas are necessarily assumed. 

However, the spatial distribution of soils in the region is quite complex, and this 

assumption will introduce some error in the analysis. 

In general, these inhomogeneities will be small in spatial scale compared to 

the spatial gradients of rainfall. Therefore this should not cause a serious problem 

for rainfall assessment over large areas, but will affect local estimates based on 

general regressions. 



Syslonaiic errors  iv safcl l ; :e  cs:imlcs of N D V I .  

Systematic errors in NDVI estimates czn result from a n u m k r  of factors, such as 

satellite calibration or changes in orbital characteristics. This may have been factor 

in the systematic over-estimation of rainfall a t  Tshane (area 2 )  and Ghanzi (area 3) 

in 1991 and 1992, as noted earlier. An examination of NDVI there and at other 

stations similarly indicated anomalously high dry season values in 1991 and 1992, 

suggesting a systematic source of error. A switch occurred in September 1991 to 

NOAA-12, with a morning overpass, compared to a near-noon overpass for NOAA- 

11. Such a change could inflate NDVI vdues. 

Another possibility relates to the Mt. Pinaturbo eruption. This data set was 

corrected for the aerosol effects for the period July 1, 1991, to June 30, 1992. The 

spatial distribution of the stratospheric aerosols is not strictly homogeneous, while 

the correction was applied uniformly a t  each longitude but with a latitudinal 

variation based on the distribution in the Pacific. Moreover, the error in the 

correction is a function of vegetation and soil cover. The fact that the over- 

estimation of rainfall is spatially limited might implicate this source of error, 2s does 

the limitation of the problem to the 1991/1992 period. 

Influence of soil types on the regressions 

In many arid regions, little soil information is available. To test the 

sensitivity of the results to the inclusion of soil specific regressions, a regression was 

derived based collectively all "predictor" stations in the four areas. This "bulk" 

regression was then applied to the estimation of rainfall in each area. Results of the 

estimates are indicated in Table 6. 

In three of the four cases, the error in the estimate is increased on the order of 

5070 by using the "bulk" regression. Nevertheless, this results in a change of only 6 



to 22 mm in the estimates of annua l  ra infal l .  In the fourth case, the "bulk" 

regression slightly improves the estimate. This m a y  be because of the highly 

inhomogeneous soils in the region, so that a general formula may be more accurate 

for some locations. This is particularly true for the test station is Serowe, i\*hich lies 

between a zone of luvisols and arenosols. 

Summary and Conclusions 

In the area of study, the arid Kalahari of Botswana, NDVI was used effectively 

to produce estimates of rainfall on monthly and annual time scales. Estimated 

values of month and annual totals, as well as long-term annual means, compared 

well with observed values. 

There are some physiological limits to the usefulness of the methodology. 

These relate to high proportion of runoff during extreme rainfall events and the 

breakdown of the NDVI-rainfall relationship under conditions where moisture is 

not the limiting factor in growth and NDVI ceases to be a growth indicator. In the 

case of extreme rainfall events, the most intense rainfall tends to occur over a 

limited area. Thus, spatial aggregation of both the NDVI data and the rainfall 

amount predicted therefrom can increase the reliability of the estimates. 

In this case study, the reliability of the estimates appeared to be influenced 

more strongly by problems with both satellite estimates of NDVI and reported 

rainfall. With proper satellite calibration and correction for orbital considerations 

and atmospheric and soil properties, NDVI should provide reasonably reliable 

rainfall estimates in arid and semi-arid regions. The results can also be improved 

with local geographc knowledge on vegetation and range conditions. 

Overall the method is reasonablv robust. Vastly contrasting soils do have an 

impact on the regressions but these changes annual estimates by only tens of mm. 



The regressions appear to gcnerall\* valid for all inonths and for a \variety of rainfall 

regimes. Thus, NDVI affords an opportunity to extend our climatic knowledge of 

the world's arid and semi-arid lands. 
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FIGURES 

1. Map of rainfall over Botsl\-ma, shov,Ting the approximate 2rea of the Kalahzri  

2. NDVIlrainfall relationships stratified by soil type for stations in Botswana (from 

Nicholson and Farrar, 1994). 

3. Map of study area, including an outline of Botswana. Inner box (thin line) 

denotes area for which a rainfall map is produced from NDVI (Fig. 9). Dots indicate 

location of the stations; station groups used in the regression analysis are boxed and 

labeled with number corresponding to Table 1. The abbreviations used for group 1 

are Kang (Ka), Kokong (KO), Mabutsane (Ma),  Takatokwane, Sekoma (Se)  and 

Jwaneng (Jw). Shading indicate the "hardveld"; remainder of study region \\+thin 

Botswana is part of the "sandveld". 

4. Time series of NDVI and rainfall for the three stations and one station grou? for 

which NDVI is used to estimate rainfall. Dashed line: NDVI. Solid line: monthly 

rainfall is in mm. The rainfall is a three-month average of rainfall in month 

concurrent with hTDVI and the two preceding months. KKh? refers to the 

combination of Kang, Kokong and Mabutsane. 

5. Regression of annual rainfdl and annually integrated NDVI for areas 1 through 

4. The number of points in the analysis, r2, 2nd the slope oi the line of regression 

are given in the lower right of each diagram. Values of B are multiplied by a factor 

of 10. 



6. Regression of monthlv ra infa l l  and :nonthl\r compositcd KDi.1 for areas  1 

through 4.  The nui:>,ber of points in rhc z:ial\!sis, r2 ,  and the slope of the l ine of 

regression are given in the loiver right of each diagram. Values of B are  multiplied 

by a factor of 10. 

7. Time series of estimated and  observed annual rainfall for the predictand station 

in areas 2 through 4 2nd for the three-station predicand group of area 1. 

8. Time series of estimated and observed monthly rainfall for the predictand station 

in areas 2 through 4 2nd for the three-station predicand group of area 1. 

9. Map of mean annual rainfall over the Kalahari and adjacent regions, based on 

the NDVI-rainfall relationship. In the "sandveld" (see Fig. 3) predictor equations 

are based on generd  regression combining areas 1 to 3; in the "hardveld" they are 

based on the area 4 regression. 



Table 1. Rainfall stations used i n  the.study. Also  indicated 

I 

are their 
groups, if they were  ,used in t h e  regression (r) or i f  they were predictand 
statipns (p) and the mean annual rainfall at the site for the study period. 
An  as t e r i sk  i n d i c a t e s  t h a t  o b s e r v a t i o n s  of annua l  r a in fa l l  w e r e  nor 
available for every year, so tha t  the mean zpplies to a period shorter than  
11 years.  



G r o u p ( s 1  
1 
2 
3 
4 

a1 I 

Table 2. Details of predictive equations at monthly scale. 
Rainfall = d + b x (NDVI-  a),  where n =  number of points in 
and r is the correlation between NDVl and  rainfall. 

d ! b i 2 n r -  
1 4 . 5  2 5 2 . 1  1 0 . 1 6 7  2 3 s  0 . 3 6  
1 3 . 4  355.4 I 0 . 1 6 4  2 1 7  0 . 4 7  
1 3 . 8  1 2 9 1 . 8  0 . 1 6 4  2 9 5  0 . 5 2  
1 5 . 5  3 4 0 . 0  I 0 . 1 S 2  3 8 7  0 . 5 3  
14 .2  3 1 2 . 2  1 0.170 1 1 3 7  0 . 5 0  

~~ 

he regression 



Group(  s )  
1 
2 
3 

a l l  
4 

> 
d b 2 I n I r L  

103.1  1 6 9 . 0  1 . 3 7  1 1 4  1 0 . 6 3  
1 1 7 . 5  311 .0  1 . 7 2  1 1 5  I 0 . 6 2  
1 1 3 . 6  2 1 9 . 6  1 . 5 4  2 0  0 . 6 3  

1 2 9 . 3  269 .1  1 . 7 3  I 7 s  I 0 . 6 4  
1 4 0 . S  3 5 5 . 5  2 . 0 4  2 9  i 0 . 6 6  

Table 3. Details of predictive equations at the annual scale. 

is the correlation between NDVI and rainfall. 
Rainfall = d + b x (NDVI- a) ,  where n =  number of points in  regression and r 



Group 

1 

2 
3 
4 

ALL 

Table 4. The mean error and the square of the correlation coefficient r 
between observed and estimated monthly rainfall,  using regressions 
specific to each soil type and a general regression for all groups; n is t h e  
number of correlations pairs. 

n m e a n  e r ror  r -  
( m m )  

1 0 3  1 3 . 4  0 .25  
1 4 4  1 4 . 0  0 .46  
1 4 4  1 5 . 1  0 .65  
1 4 4  19 .2  0.58 
5 3 5  1 5 . 6  0 .53  



Group 

4 3  
3 2  E 1, 2 and 3 

8 2 . 7  0 .59  
7 1 . 2  0 . 4 9  

r i  

1 0  
1 1  
1 1  

m e a n  er ror1  -- 

( m rn 1 
I 

5 5 . 2  
1 1  I 1 1 6 . 6  I 0.67  I 

Table 5 .  The mean error a n d  the square of the correlation coefficient r 
between observed and estimated annual rainfall, us ing  regressions specific 
to each soil type, a general regression for all groups and a regression for 
groups 1,  2 and 3; n is the number of correlation pairs. 



I 1 I n d  i \ , id  L S I  r e c re s s i  on s I Geiier;il rcrression I 
e s t i  ni a I e d  

( in ni ) 
2 S 3  
2 7 6  
3 5 5  

G r o u p  o b s e r \* e d 
( ni m ') 

1 2 4 3  
2 2 9 5  
3 3 6 4  

d i f f ere  n c e 
( n i  ni ) 

e s t i m 3 t e d 
( I l l  1l-l ) 

4 1  3 0 5  6 3  
1 9  2 6 3  3 2  

9 3 4 9  1 1 5  

i: i f f e r  e n c e  
( in M ) 

I G r o u p  I o b s e r \ * e d  
( ni m ') 
2 4 3  

3 6 4  

Tab le  6. Observed vs .  estimated 1 I - y e a r  rainfall  m e a n s  for t h e  test  
stations of groups 1 through 4, using f i rsr ly  regressions specific to each  soil 
type and then a general regression for  all groups. 



S : a t i o n  

Dibere I 3 s 1  
Gaboron e 5 3 1  
Gnanzi 4 3 0  

3 S 6  1 +5 i -1  
4-25 I -S6 - 1 6  
3 6 3  1 - 6 7  - 1 6  

??a 1 a m a r e 4 4 s  4 j s  I + I O  +2 
Lo bat s e  5 6 5  4 4 7  1 - 1 1 8  - 2 1  
h l a h a l a p y e  1 4 7 1  4 2 2  1 - 4 9  - 1 0  

I R a m a t l a b a m a l  5 1 3  1 3 S 5  1 - 1 2 8 1  -251 

Moc h ud i 5 0 0  3 8 2  1 - 1 1 8  - 2 4  4 

Molopolole 
P h i t s h a n e  

Table 7. Difference between long term mean annual rainfall and the mean 
annual rainfall from the  study period. From this sample, the s t u d y  period 
was on average 17% drier than  the long term mean. 

5 0 3  3 2 2  I - 1 S 1  - 3 6  
4 6 4  3 2 6  1 - 1 3 8  - 3 0  

S e r o w e  
T s h a n e  

4 5 9  4 0 5  - 5 4  - 1 2  
3 5 3  2 9 4  - 5 9  - 1 7  



station a n d  y r  1 Sep t .  1 Oct. I S o \ )  1 Dec. 1 J ; i n .  Feb .  M a r .  A p r .  
Tshane S 7 / S S  1 5 I 3 6  1 2 6  2 1 S 6  6 0  3 4  
Ghanzi S7JS8 7 I 1 1  I 2 3  1 3 7  7 1  1 3 4  3 5  9 5  

- K K M  S7/SS 2 3  0 1  3 2  9 6  6 5  1 7 7  3 4  4 3  
Sero\ve 8715s  2 1  5 1 1 1 1  1 2 4 1  1 8 9  3S0 1 6 1  9 5  
Ghanzi 8S/S9 0 2 6  I 5 1  I 3 0  I 1 5 9  2 0 3  4 1  5 7  

Table 8. Monthly r a i n f a l l  a t  predictand stations for selected 
KKM is the average of the 3 Stations Kang, Kokong and Mabu 
1). 

wet years. 
sane (group 
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Abstract 

This article presents calculations of surfzce v,Tater balance for the African continent, 

using a new, physically based model. Czlculations are based on approximately 1400 

rainfall stations with records generally covering 60 years or longer. Continental 

maps of evapotranspiration, runoff and soil moisture are derived for January, July 

and the annual mean. The model is also used to provide a gross estimate of the 

interannual variability of these parameters over most of (the continent and  local 

water balance calculations for a variety of locations in Africa. The results are  

compared with four other comprehensive global water balance studies. The results 

of this study are being used to produce 2 1 0 x 1 0 gridded data set for the continent, 

with potential applications for numerical modelling studies. 



The !:nportznt role of !he b,\ dro!ogic clscie in globzl I\,PZ:!-.C: 2nd climzte :?ZS 

become increasingly recognized, 2s the cre2 tion of the in:ernz tion21 GEII’EX 

program attests (Chahine 19922, b). Numerous studies halve demonstrated thz i  

accurate representation of surface hydrology czn improve Ij.ezthc?r forecasts (c.g., 

!\‘Ash et 21. 1985. Hydrological feedbacks modify the interannu! variability O v e i  

lznd (Entekhabi et  21. 1992) and dramatically influence ocean-atmosphere 

interactions (Webster 1994). Recycled water can contribute as much as 50 9’0 of the 

atmospheric water vapor over continents (Brubaker et al. 199F). Such feedbacks may 

have played a role in intensifying and prolonging the drought in the West African 

Szhel (Nicholson 1989). 

During the past  decade considerable effort has been p u t  into the 

representation of hydrologic processes in numerical models. The recent project for 

Intercomparison of Land Surface Parameterization Schemes (PILI’S) has uncovered 

significant shortcomings, particularly in runoff czlculations (Pitmzn et 21. 1993). In 

one comparison, model predictions of runoff for the “wet” month of August ranged 

from 30 to over 400 mm. Model improvements require accurzte surface hydrologic 

data for initialization, boundary conditions, 2nd vzlidation. 

Unfortunately, parameters such as evapotranspiration (ET) or runoff are 

rarely measured directly. The few measurements that exist are at local oi basin scdle. 

ET is generally calculated from empirical forinuiae or energy bzlance approaches. 

Runoff is generally calculated as z residual. Few data are available for continenrzl or 

global-scale comparisons. 

The best known comprehensive studies of global water balance are those of 

Baumgartner and Reichel (1975), M’illmott et al. (1985), Henning (1989) and M h t z  

and M’alker (1993). Heiming’s calccllations are bzsed on empiical  formulae derived 

by Albrecht (1951, 1962) from d2t2 for one station in the G o 5  desert; maps of ET, 

runoff and various radiative parameters are drawn manually from station records. 

, 
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Baumgar:ncr and Reichei (1275) prodcc?  mzps  of e\ 'a~~=c!iz: lspi ia t ion 2nd runoff 

from the station data produced by Thorr,t:?l\,ai!e a n d  associates (e.g., 1962-65). Both 

studies use station data irregdarly distributed and co\lering in many czses only a 

f ew years. Willmott et al. (1985) use bzsically the Thornthwaite r.:ethod for  

Calculations but improve on :he data set; the): present ET and soil moisture, but not 

runoff.  hdintz and  IYzlke; (1993) use a simple 19.ater balance model with 

precipitation and potential evapotranssiiation as input. Both of these 12s: two 

studies extrapolate the areal integrals best suited for the gyidded weather 2nd climate 
! 

models, but produce mzps b a e d  on very coarse resolution (4 0 x 5 0) data. 

Jn this paper, we present calculations of surface wzter balance for the African 

continent, using a new, more physically bzsed approach 2nd 2 more comprehensive 

data set. Continental maps of evapotrznspiration, runoff and soil moisture are 

derived using the "evapoclimatonomy" model of surface water balance (Nicholson 

et al. 1996). Calculations also provide 2 gross estimate of the interannua! variability 

of these pa rme te r s  over most of the continent and loca! water balance calculations 

for a variety of locations in A5ica. E m ~ h z s i s  is placed on the drought-xone West 

African Sahel, a region where surface hydrology appezrs to play a mzjor role in  

modulating the interannua! variabiiity of climate. The results of this work are 

being used to produce 2 1 0 x 1 0 gridded data set that v,-ill be avzilable through an  

anonymous FT? server t'nro'c!ch 0 the De;ai:ment of Meteorology a t  Florid2 State 

University (ftp.met.fsu.eau). 

2. Methodology 

2.1 Data 

The basic input data is precipitation for nearly 1400 stations reasonably well 



dis:-.->.4 7 > .  . . L , . - L ~ - j  o1.e: the .:a.iric;in con:i::e:-,: (Fig. 1 ) .  T1:i z:-c;i,!\’e ):as ‘:-cl?n co!!ected, 

-,.:or o1.e: nir!ny \’ears 2 n d  u s e i  in I l ’ i l i l l e rOUS 

resez:ch applications (e.g., Nicholson 199.4). Qua!iiy control tez:s have been 

performed and resc!:ed in  discarding about 5% of the d a t a .  The 7::z:er balance 

calculations utilize long-term means calculated as the arithmetic mezn of data for 

all available years. The annual mean and means for Jznuary and Jull- 2re shown in 

Fig. 2. Because of the strong interdecadal variability of rainfall over ?arks of Africa, 

most notably the Sahel, we  have found the so-derived mean to be more stable than, 

for example, means for a standard 30-year period. Three-quarters of the stations 

records commence prior to 1925 and  most records have been upd-’ c,ed to 1990 or 

later. Thus, in most cases the long-term mean refers to a period of 60 years or 

longer. The subsequently calculated water balance parzmeters also re?resent means 

for these multi-decadzl periods. 

processed 2nd updztec by t h e  fi:st a ~ ~ 4 ‘ ~ -  
~~ 

I 

Other input datz required for the climatonomy model are indiczted in Fig. 3, 

shov,Ting an overview of the climatonomy model and the climate and radiative 

parzrneters and soil and vegetation information needed for its ap i i cz t ion .  The 

resolution of the input data sets is quite varied, ranging from severg kilometers to 

50 of longitude 2nd lttitude. In 211 cases, data apDropriate for the individual stations 

u e  extrapolated from the data sets. 

Vegetation information is derived from two souces :  (1) A I X R R  data from 

the XOAA polu-orbiting satellites a ie  used to calculzie hiDV1, with a resolution of 

approximately 7.6 km, and (2) the Dormzn and  Sellers (1989) vegetation data set, that 

includes 12 vegetation types and h2s 2 5 0 x 5 0 resolution, ,provides gross estimates 

of p p e ,  coverage 2nd emissivity. The coarser resolution of the latter is sufficient, 

since the model is considerably more sensitive to NDVI (Normalized Difference 

Vegetation Index). Tne NDVI data were provided bl: C. J. Tucker of the GIh4MS 

group at NASA Goddard and are described in more detail in Nicholson and  Fzrrar 
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(i99;). 

Soils information, inc l cd ing  :esture, organic mzt ter 2nd cz:ion e x c h ~ n g e  

Produced for capacity (CEC), is tzken from Zobier (19S6) a;.,d \i7ebb et a1 (1991). 

c:imz:e models, the data  ha\Te a 1 0 2; i 0 resolution. 

The radiative parameters, globzl radiation a t  the surface and surface albedo, 

were derived from hlETEOSAT dzt2 for each station location. These represent 

means for the period 19S3 to 1988. The estimation of these data is described in two 

companion articles by Ba et al. (1996) a d  Ba and Nicholson (t996). 

2.2 The Evapoclimatonomy Model 

Monthly and annual values of evapotranspiration, runoff and soil moisture 

2re calculated by a surface water bzlance model termed "evapoclimatonomy". This 

is 2 revised version of the quzsi-emyirical model ori,oinally developed by Lettau 

(1969) and Lettau 2nd Baradzs (1973). Details of the model and model equations 

have recently been published in a nrmber  of sources (e.g., Lare and Nicholson 1994, 

Nicholson et 21. 1996, Marengo et 21. 1996), hence only 2 brief overvieuy is presented 

here. The  model M-2s vzlidzted ilsing dat2 for the HAPEX-Sahel experiment, 

conducted over the central Sahel in 1992 (Nicholson e: 21. 1996, Marengo et al. 1996). 

The  evapcc!irnatcnomy submodel is essentially a numerical solution to a 

simplified form of the hydrologic bzlznce equation: 

where P is precipitztion, E is evapotransipration, N is runoii, 2nd dm/d :  is the 

change in soil moisture storage. Tnree zssumptions are made in order to maintain 
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si:::21icitv (Lare 2:::  Sicho1son 195:). The first is t:?a! :or 2 C O : ~ t i i i C ~ s : ~ ~  region \\.it11 2 

stz51e climate thcrs is no net storage of moistcre oiler sufficiently lcng time periods 

(i.e., for  the m u l t i - \ ~ z r  Deriod foi i*;hich means of forcing functions a re  deriired). 

Therefor e: 

-- 
p = E- + N- 

The second zssumption is that the processes o1 runoff, and  evapotranspiration 

can be further subdivided into immediate ( I )  and  delayed ( ' I )  parts. Thus: 

E = E' + E" (3) 

Immediate processes 2re those thzt occur in the szme month as :he precipitation, 

while delayed implies processes thzt zre zssociated wyith the rair, which fell in 

previous months.  Foi evapotrznspiration, E' roughly corresopnds to the 

contribution of soil evzporation 2nd the evaporation of intercepted/detained 

suiiface moisture, while E" is roughly the transpirational component, which d r a w  

from the deeper soil moisture reservoirs. For runoff, the partitioning roughiy 

coxesponds to surface runoff 17s. gavitatjonzl drainage. 

The final assumption of the evapoclimatonomy submodel is that the delayed 

processes v w y  directly in proportion to soil moisture according to: 



_ _  - -  
ivhere N "  2nd  E' '  are  the mean auznt i t ies  of delzyed runoff a n d  

evzpot~anspiration. These quantities are combined in  such a \\-ay as to yield a 

process parameter known 2s "residence time" t*: 

I 
_ _  _ -  
N "  i E" 

This represents the time required for a volume of water equal to the annual mean 

of exchangeable soil moisture to be depleted by the delayed processes of runoff and 

evapotranspiration. 

With these considerations, the resul tan: hydrologic bzlznce formula is: 

By subtracting the mnual  means irom each term in :ne above equztion, 2n ordinary 

cifierential equation iesults: 

I where 
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This is so!i?ed as: 

Because of the initial assumption of climatic stability, the bracketed term must 

approach 0, thus determining the integration constant. 

This model requires the parameterization of idmediate  and delayed 

evapotranspiration and runoff and the estimation of t ~ 7 0  model parameters, the 

residence time t* and a second process parameter termed evaporivity e*, 

representing the efficiency a t  which solar radiation is used in the evaporation 

process. Immediate runoff N'  is calculated following Warrilow (19861, using 

infiltration capacity and rainfall; delayed runoff N" is calculated as grzvitational 

drainage, using the hydraulic conductivity and soil moisture content. Immediate 

evapotranspiration E' is czlculated as the product of evaporivity and Drecipitation, 

prorated by the ratio of monthly to mnual absorbed solar radiation foi the month in 

question. E" is calculated 2s a residual. 

The calculation of the process parameters e' and :* is more empirically-bzsed. 

Residence time t* is calculated after Serafini and Sud (1987) 2s a function of potential 

evapotrznspiration, wilting point a d  field capacity, v,-ith 2n acjustment of vdues  

for vu ious  vegetation types. Wilting point and field capacity are determined 

according to Saxton et al. (1986) as a function of soil type (i.e., percent sand and clay 

content). The evaporivity e* is defmed 2s a nonlinear measure of the czpacity of the 

land surface to use a portion of monthly solar radiation to evaporate precipitation 

received in the same month. It serves the same function 2s potential eva~ora t ion  

in traditional water balznce models and is analytically derived by using the 

.. 
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xo--.- . ... ::!izeci Diifc;c:-.ci. L'esetntion !r.Ccis, or XDVI ( s c  L a r e  1992). 

In earlier versions of the mci.1 (Lare  and Sicholson 1990, 1 3 4 ;  Xicholson 

and Lare 1990; Farrar et al.,  l??;), the soil moisture estimate o n l y  refers to 

exch;ngeable soil moisture (rn), i.e., that available ioi the processes of runoff and 

evapotranspiration. T h e  residual ;t'zter content ( rwc)  must be a d d e d  to the 

calculated exchangeable soil moisture to obtain the t rue soil moisture contents. 

Residual water content is determined after Rawls and Brakensiek (19S9): 

1 
rwc = 10 [ 0.2 i 0.1 (70 om) + 0.25 (% clay) (cec) o.45 1 d (12) 

where rwc is the residual water content in mm, (% om) is percent organic matter 

content, (5% clay) is percent clay content, (cec) is cation exchange capacity, a n d  d is the 

bulk density of the entire soil layer (0-100 cm). 

3.0 Results 

, 3.1 MeanMaps  

Annual  aveiage evapotranspiiation and  monthly averages for January and 

July u e  shown in Fig. 4. Tne 100 nrn contour roug:hly bounds the Sahara on the 

nor&,, its location vzrying from abo.2: 3i  0 to 35 0 N, 2nd on the south zt 18 0 to 20 0 

N. The 500 mm contour is situated near 15 0 N, running through Lzke Chad.  The 

position of both contours is essentidiy identical to thzt of the corresponding rainfall 

isohyets (Fig. 2), indicating low runoff throughout th is  region. Throughout most of 

the t rop ia ,  from a b u t  12 0 N to 12 0 S, 'znnual evzpotiznspiration exceeds 1000 mm; 

in t h e e  humid cores closer to the equator i t  exceeds 1500 mm, reaching 2000 m m  in 

the wettest areas. Reduced values a re  evident on t h e  eastern mzrgins of these 



. .  . .  
1 Z t i t c d j j 7 2 i  zcnes,  ri.ilec:i:-,~ : ! ;e  z-,c):p 2 : : ~  c!j::;:tes ~i c:>tcr:T, ;i!:;ca . : ~ ~ i k x  

e\yapotranspirz:ion on the order  of 500 to T 5 O  m:n. In the sc:::i-arid subtrcpjcs of 

soutllern -4fricz i t  Senera!i>T rzilges b e t ~ ~ ~ e c n  200 2nd 750 II-IE-;, \.\.it11 smzl l  \,;:xes 

reflecting the Kamib aeseri and  the karoo  ci South Africa. 

Monthly values reflect the annual march of the ITCZ and rainy sezson over 

Africz. In July, evapotranspiration exceeds 100 mm in a core region extending 

roughly between the equator and 15 0 N. It  exceeds 50 mm from there to about 18 0 

N and 5 0 S. L? the southern Sahel of West Africa (- 12 to 15 0 N), it is on the order 

of 50 to 100 m m  and 5 to 50 mm in the northern Sahel (-15 to 1s 0 N). Elsewhere, i t  

is generally in :he range of 5 to 50 mm, except for the desert arezs of the Saharz, the 

niamib and the central Kalahari. Within the central Sahara it  exceeds 5 mm in two 

locations, a western sector where winter rainfall is not uncommon 2nd the Tihesti 

highlands to the notheast oi Lake Chad. 

In J2nu2ry, the zone of maximum ET is shifted southwtid,  values exceeding 

100 mm rougNy from the equator to 20 0 S. In the southern Szhe!, ET has ftllen to 5 

to 50 mm during January. Vzlues below 5 m m  are evident in z much br02dei are2 

surrounding the Sahzra znd including the northern Szhel, but 2re restricted to 

small coastal desert sectors in the Southern Hemisphere. In both months i t  is on 

the order of 5 to 50 mm in northern Mricz. 

Runoff is shown in Fig. 5. In the annuzl mean, the i r m  contour extends to 

roughly 15 0 K, indicating no surface runoff in the northern Sahel. North oi the 

desert it lies near 35 0 N, bounding small moutzinous arezs in the northwest vchere 

runoff c m  reach 50 mm. In tropical latitudes, excluding ezstern equatorizl Airicz, 

runoff is on the orde: of 200 to 500 mm. In semi-zria southern ~ f r i c z  znnuz! runoff 

ranges from about 10  to 200 mm: but there is 2 strong 32dient  between 10 zrld 15 0 S, 

SO that it is below 50 mm throughout most of the region. It aDproaches zero in the 

Namib, southern Ka lha r i  2nd karoo. 
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.As I\.:!), e: a;lotransp:r2!:c 3, l~l@:Y!Ily *. 2 ;LCs rc-iect til? 2:-,:1u21 :Y.z:ch .)i :::e 

ITCZ and rzin '2elt. The core region i i . i ! h  i i z !zes e\ceedi::g IO mni  per :non:h 

migrates from t h e  northern trorics in  J::l>. to t:?c southern tropics in  Janczr)?. I t  

exceeds 50 rnm only during Jc:y ::I areas a l o n ~  t b ?  Gu,nea coast of West Africz. 

Soil moisture is shov,-n in Fig. 6. I t  generally ranges, in the annual mezn, 

f rom about 10 m m  in the Szhelo-Saharan region to over 200 m m  in an equatorial 

core extending from roughly 10 0 N to 5 0 S. I t  r z n ~ e s  from zbout 10 to 50 m m  in t h e  

semi-zrid Kalzhari 2nd karoo of Southern Africa, but falls yell  below 10 mm in the 

Sahara and the coastal deserts of Southern Africa. These same rznges are evident in 

January and  July, but the 2rezs of maxima 2nd minima are displaced, slightly 

northward in July and  considerably southward in January. 

3.2 Local water bdance 

The m e m  water bzlance for seven d ivexe  locztions in -4frica is shown in Fig. 

7. The stations 

Tahoua, Sikasso, Gagnoa, 2nd Eambesz reDresent a graduzl transition from the 

"summer" rainfz!! region of the Sahe!, through ;he scvannz 2nd woodlands to the 

equatorial forest with y e a r - ~ o u n d  rzins. H x a r e  and Gzborone represent the 

southern-hemisphere andogs to the Sah.e!, sz7;2nn2 regions \\*it'n sun-mer r a n i d : .  

Algiers, along the Mediterrznean coast, receives \\-inter izinfall. 

. I '  

Runoff is zlmost negligible 2 t  Algiers, \\*here the Lt4inrei ~ z i n s  are frontal in 

nature  and, therefore, low in intensity, promoting infiltration and  subsequent 

evapotranspiration. Consequentlv, evapo:rzns3iration continues throughout the 

dry sezson, d iz~t - ing  on the soil ieservoir ci moisture. Thus, the mzgnitude of the 

annual cycle of ET is considerzble lower than that of rainfall. At Tzhouz, in the 

northern Sahel, runoff is essentialy zero; loczl runoff mzy occur and collect in  

intern21 drairiage ponds, from which i t  lzter evaporates. Evaporation exceeds 
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rzi:ifzil du r ing  t h ree  rr,ontb,s, bzt is nc.~;iSi'c?le ::1uch of [he ) ' C Z : .  

In the nT.ore tropical laii tudes,  rcnoff is conslderzbly g:ez:er. . i j t  Sikasso, i\.i!h 

a single, intense rainy season, i t  reaches about 30 m m / m c  dur ing  Azgust, There, ET 

exceeds rainfall during about half of the yezr  and reaches a i n a s i r 2 ~ 2 m  of nearl?l 200 

m m / m o  in August and September. At Gzgnoa, \.;ith roughl:, the same amount of 

rzinfall, there are  two, less intense rainy seasons and consequently lower peak 

runoff. Since both rainy seasons are preceded by dry sezsons, the soil does not 

become strongly saturated, a contributing fac tor  to the re1,ativlej. low amounts of 

runoff. At  Bambesa, with year-round rainfall, the soil moisture continues to 

increase throughout the season, hence both ET and runoff continue to increase 

throughout the rainy season. ET reaches about 130 m m / m o  during the first peak in 

the rainy season, but  about 170 m m / m o  during the second, broader peak. Runoff 

reaches about 30 m m / m o  during the first peak, compared ivith about 80 m m / m o  

during the second. 

At the southern-hemisphere szvannz stations, the picture is quite different. 

The rainy se2son is longer than in Sahelian locations with ccmparzble znnuzl 

zmounts and therefore peak values of raidall  and ET are considerably lower. At 

Harare, rainfdl reaches c. 170 to 190 m m  in three months, while ET does not exceed 

125 mm. -4 t 

Gaborone, rzinfzll bzreiy rezcnes 100 mm/mo and ET does not exceed 70 mm/mo,  

but, 2 5  at  Harare, continues inroughout the diy sezson. inis contizst with other 

tropical locations is due to the nature of the rain-bearing systems. In southern 

Africa, these a re  often frontal in nature, reflecting significznt mid-lzti tude 

mfluences; convective systems prevail elsewhere. The water baiznce a t  Gaborone, 

with a "tropical" surm7er rainfall regimk, is simiizr to that at Algiers, with an e x t n -  

Evapotranspiration continues througnout the long dry season. 

-1 

tropical winter rzinfzll regme.  

evapotranspiration at Algiers, a 

The most zpparent difference is nigher dryseason  

consequence of its occurrence during the summer, 
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The African continent is well-knol\-n for the extreme interannual variability 

of rainfzll, pzrticularly in the senu-arid subtropics. This produces complex changes 

in the surface water balance. To provide a simple illustration of the magnitude of 

interannual variability of water balance parzmeters, the diSference between values 

for one continentally wet yezr and one continentally dry year are shown in Figs. 8, 9 

and 10. For select locations, czlculations on z monthly scale are done for the wettest 

and driest ten years and commred to the long-term mean (Figs. 11 and 12). 

Over most of the continent, rainfall in 1955 exceeds that in 1983, v,-ith the 

difference exceeding 250 mm in lzrge arezs. The exceptions are areas of the Sahara, 

where differences are ne,oliciie, 2nd pzrts of equatorial Africa, where 1955 \\-as 

actually the drier of the ti\-o years. Other :>.an at these locations, these two years 

provide a iezsonable estirnzte of the mzgnitude of interznnual varizbility of 

evapotrvlspirz ti on and r uno f f .  

The excess rainfzll a u i n g  1955 results in nearly the same excess in ET 

Only in equatorizl regions are differences 

Thus, ET vzries by 

throughout most of the continent. 

distinguishable from the re12:iveI~r cozrse rnzp in Fig. 9. 

hundreds of m m  from v e x  to year over !zge  sectors of ~ r i c z .  

L u g e  differences in runoff =e apazren: only in tropic21 latitudes 2nd in areas 

of relztively high elevation: the Mediterrrnean coast, the Ethiopian highlands, 

coastal sectors of Angolz, 2nd the e2stern F1d: of the southern sub-continent. In 

these arezs, the inteiannuzl \Tariability of runoff is on the order of 25 to over 100 

mm.  ru'orth of c. 15 N, i.e., in the northern Sahel, the difference is negligible, with 

t h e  increased rainfall  i n  1955 being total ly  manifested as increzsed 
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e\.ayotriinsp!rzi:oiI T:l:s chzrzcter!stic \;'as noted car.:c'i b>r I-zrt. a n i  Sicholson 

(1994), \\*ho pointed oci the resuitant change in the 1ii::tucinal Eradie:.: of lztent 

heating across West Africa, an  effect ?otentially la rge  e n o u g h  to mo3ulate the  

interannual variability of rainfall. 

Fig. 11 underscores the interannual vzriability of runoff via calcxlations for 

the wettest and driest years at six of the locations shown in Fig. 7. An asymmetry is 

clearly appzrent, with rmoff not changing markedly during the dry years, but being 

dramatically enhanced curing the wet years. At the low latitude stations of Gagnoa 

and Bambesa, this difference can be 150 to nearly 300 mm per month. At Harare in 

southern Africa similar differences are apparent in March. Differences Ere small in 

the more arid locations. 

For evapotranspiration, the monthly differences at these stations (Fig. 12) are 

more symmetric between dry and wet years. During the wettest months the 

difference between dry 2nd u7et yezrs is on the order 100 to 150 mm. Ar, interesting 

trend is observed at Gagnoa, v.-here ET has tv,-o peaks during the year ix the mean 

and during the driest yezi, but esssentizly one peak from August to Ocrober during 

the wettest year. The latter probably reflects 2 diminished dry season intensity 

during the wet year z?d a continual increzse in soil moisture throaghout the 

season. A similar pattern is observed in the m e a  at Bzmbesz, the wezest station. 

However, during the iuettes: year a t  Bambesa, the two-peaked pzttern in ET 

emerges, probably a maifesta:ion of higher r infzl l  eariier in the year, ;\-hen sun is 

nearly overhead and radiation (and hence potential ET) a-e high. 

3.0 Long-term Trends 

The long-term trends in rainfall 2nd runoff are shovin in Fig. 13 for each ten 

degrees of latitude from 40 0 S to 40 0 N for the period 1550-1989. These depict broad 
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contir;.ntzl scale tre?.Cs, but !nay  :?c: czF!ure some morc ! o c ~ l  pa!:Lr?.~ in cases 

\%.here climate anornriies 2rc not zcr,211y oriented,  s c c h  a s  the  c:Stropics of 

Southzrn Africa. Ann221 rainfall a n d  runoff are calculated for the calendar year 

(Jmuzry to December) by z\ieraging the z n n u a l  ;ralues 2t  a l l  stations in ::he zone. 

?he zone from IO 0 N to 20 0 N is :he only one where a strong trend in either 

variable is evident over this 40-year period. Both rainfall and runoff shoic a steady 

downr\vard trend over tKs period, r$+th a marked decrease occurring around 1970. 

This zone encompasses the Sahel-Soudan region of \Yest (Africa, \\*here the long 

downi:'ard trend is \<.ell knoivn (e.g., Sicholson and Pzlao 1993). There is some 

semblznce of this trenc in the two equatorial zones (0 0 to 10 0 N ana 0 0 to 10 0 S ) ,  

but ail increase is appzrent in rainfall a n d  runoff in both zones in the mid- to late- 

1980s. In the outer tropics of the southern hemisphere (10 to 20 O S )  there is a 

general downvyard trend over the 40-year period, as in the same latitudes of the 

northern hemisphere, but here rainfd1 &id runoff begin to decrease earlier (in the 

mid-l%Os), the trend is less steady, and relatively \yet conditions interrupt the trend 

in the mid- 2nd late-1970s. .4 similrr course of rainfzll and runoff is zpparent 

further south in the zone from 20 0 to 30 0 S. 

Tnus, throughout the area from 30 0 S to 30 0 N there is a general trend 

towzrds drier conditions during the lzsi few decades, a pattern also described in 

Nicholson (1994) using individuai sT2tion data.  Eowever, in the extra-tropical 

latitudes 2 generzlly o2posite trend is z p ~ a r e n t .  Tine period 1970-89 is somewhat 

wetter than the two previous decades, with the chznge in rainfall being more 

apparent than the chznge in runoff. 

4.  Compzrison with Results of Other S ~ c i e s  

The most  comprehensive global water balance studies Ere those of 
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Baumg2r:nei  2i1d Reic:7: (1 475), 1-lcnni:.: - (1  ?SC?), \ ‘ i ’ j I ] ~ - , , - : : ,  i<c>\.:t, ,?:id :.I:n:z ( I  985) 

and h4in:z and h’alker ~1933). For sc~.cr;j Tezsons, these x e  not stricti). :smparsble 

to our s tudy .  For one, on ly  Willmott e: al. present tb,? station distii3ution and 

indicate neither the years utilized to caIc2late water balznce nor the mezn :zinfall in 

these years a t  the statio?.s in their data set. (Baumgartne: 2nd Reichel Go provide a 

map of r ~ i n ~ a l l . 1  Both this s tudy and th2: of Mintz and Vr’alker use ver). couse grid 

averages. Nevertheless, z comparison v;ith their results provides some interesting 

similarities and  contrasts. I 

4.1 Evzpotranspiration Xzps 

The evapotranspiiztion maps of Willmott et al. (i985) (henceforth. referred to 

as \YRh/l) and Baumgarher 2nd Reiche! (1975) (hencefo:th referred to 2s En>, both 

calculated from Thorntb,i$-zite’s data set, show excellent zgreement with each other 

and  good agreement Kith ours. h4aximum values are found in the equatorial 

region ~ i ~ d  are in  the r a g e  of 75 to 125 mrn/mo on :>e WRM map (900 to 1400 

mm/an), compaied to io00 to 1500 mm/m on  ours. Their core region M-ith ET in 

excess oi 100 m m / m o  iiej close to our 1250 mm/an  con:o~-. Differences are more 

apparent in  the higher latitudes. Ir. the central Szhe!, a t  about 15 O N ,  our 

calculations give zpproxlmztely 500 mm/an, compared :o 50 mm/mo on the WRM 

map. S e x  the souther;: iiixit of the Sahzra a t  c. 18 0 hi lies our 200 m m / m  contour, 

their 25 mm/mo contour. These 5zme contours border the Namib desert in 

southern Afric2. Differences of this m z p i t u d e  can readily be accounted for by the 

coarse resolution of the \?RM map (4 0 x 5 0) and the steep gradients in the semi- 

arid transition zones. 

Our evapotranspixtion calculations show the best agreement with those of 

Their annual m a p  Mintz 2nd Walker (19?3) (hence fortn referred to 2s MW). 
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indicates t h a t  ET re2cl:c.s Zboxt  11 ClC :;~,z7/~;c~r in :he eqcz to r i a l  rt.g:o:is, 111 

reasonab]y good agreeemen: \i-:!h our i 'alues of aboxt 1250 m m .  On t!-,e Jd!. rrizp, 

the 3 mnl/day contour bounding the art32 of maximum ET coincides i z - i t i i  our 100 

mnl/mo contour, encompzssir,g the are;! beti\*een about  3 O N  a n d  16 0 N. h f \ V  

sho.i%r the 2 m m / d a y  contour at  about 1s 0 N, roughly the location of our 50 mm/nio  

contour. Both are located at  about 5 0 S in the southern hemisphere. In Januuy,  the 

area of maximum moves south~t-ard to encompzss the area between 2 O N  and 10 0 S 

on the ,MY map, bu t  extends to about 15 O S  on our map, Similar agreement is 

apparent in x e z s  of minimum ET as well, particularly in the southern hemisphere. 

All four estimates are considerzbly higher than those of Henning (1989), 

especially in the equztorial belt. Near the southern limit of the equatorial 

maximum at 5 S, the  estinztes of MTKM, BR and our  own indicate about 1400 to  

1500 mmlan ,  compared to zbout 1100 m m / m  on the Henning map.  Near 10 O N ,  

where  the semi-zrid zone begins, Henning indicates 700 - 800 mm/an, compxed to 

900 to 1100 mm for the other estimates. One fzctor contributing to Henning's lo\\- 

estimates u e  the low values of net radizrion he calculates for Africa from empirical 

formulae; they are considerably lower thaz  sateliite estimates (e.g., Ba 2nd 

Xicholson 1996). The discrepzncies 2re pzrticularly large in zrid and semi-arid 

regions, where his surface d b e d o  values are smaller than generally accepted (e.g., 

27% throughout the Saharz). 

4.2 Runoff Maps 

Runoff c2n be  cornpved with both BR 2nd Henning. O n  OUT mzp, runoff 

ranges from about 200 to 500 n m / m  i; equatorial latitudes bounded by roughly 8 0 

N and 10 O S .  A second 2re2 with runoff exceeding 200 m m  is found along the 

western Guinez coast, in the area of Sierra Leone and  Guinea. This is quite similar 
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r,., . .  +,a :!l.e bt\ 111,2p, ~.,o\\.c...c: tiicjr ~jia.ii. 2 s::yi2!] C C Y ~  .::it11 T,'::!:Ps e~ci.i.i:!::,: 629 : :I:~/ 'z?, ,  - 
cornczred \cith 590 ::;m/an on our :::zp. The locztion of :he ceser:  Lrezs  \;.here 

runoff becomes negiigible is a!so similar on both m a p s ,  but o'ir map g, :~.es  

substzntially higher rznoff in sor?,e semi-:rid regions. I n  the sout3ern Salic1 (c. 12 0 

to 15 O N ) ,  our map gives 10 to 50 m m / m ,  compared to less then 10 r.T.m/an on t h e  

map of BR. The Henning calculations exceed these by nexly an order of magnitude 

in the outer tropics, but agree reasonably well with BR and with our estimates in the 

southern equatorial lztitudes (c. i 5  0 S to the equator), but give vzlues 5 to 1 0  times 

larger in the northern equatorial latitudes to c. 12 ON. Both BR and Nenning S ~ O M -  a 

very strong westerr, equatorial maximum over Cameroon, a reziistic feature 

captured in the manual map analysis, but missed in our computer cor.ioured map.  

.. 

Runoff calculations are extremely difficult to verify. Some cor3dence in o w  

results can be gained ~ 6 t h  a rough compvison with river dischuge ir. three diverse 

pzrts of Africa. The rivers with available data are the Niger in V\;est Africa, the 

Zaire in western equatorial Africa, and the tributaries to Lzke Victcriz in eastern 

equatorial Africa. Dzta for these three are plotted in Fig. 14. 

In each case, the catchment area was roughly zpproximzted, 2s indicated in 

Fig. 14, and averzge rainfzll and runoff for that area were calculated for each year for 

which discharge datz were also zvailable. Then the dzta were averagei foi two sub- 

periods within the record, one constituting relatively dry condi:ions, another 

relatively wet. The resultznt differences in rzintzll, runoff 2nd disci-zrge are given 

inTab. 1. 

Overall,  the trends of both rzinfall a n d  runoff are markedly similar 

qualitiztively to that of discharge (Fig. 14). However, the reduction in dischzrge in 

the &ier period is quzntitively closer to that in runoff than that in rGnfall. For the 

Niger fiver =ea, rainfzll w72s 62 TO lower during 1970-8s h n  during 1350-69, while 

runoff w2s 26% lower. f i ve r  discharge ~ 7 2 s  reduced by 40 70 during the second 
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7e;iod. For :!:e Zzirt .  Xi\*er, 72!;2;211, :z:no!i 2-d d!scl:arsc :.:c:c r:ot s:Snf!c;::-,!l\r 

Cifferent In the earlier and lzte: periods, so :ha t  shorte; \ret  zina d r y  pzriod \.;ere 

chosen for comparison. Rainfzll and  r*moff ij’eic 2 70 and  10 70 loirer, respecti\veljr, 

during 1950-59 than during 1960-69, \\.hiie dischzrge ]\‘as 18% loive:. For the L2ke 

Victoria wea, with a shorter discharge record, rainfaii ]\*as 13% lower during 1956-69 

than during 1970-78, \t*hile runoff was 5% lower. The discharge of tributaries into 

the lake was virtually the same during the two periods. Thus, our runoff estimates 

2re reasonably consistent wi th  dischzrge d2t2. Better agfeement might result if 

czlculations were done for precise cztchrnent  rea as. 

4.3 Zonal Averages 

A more precise compzrison wiih BR and Henning czn be mzpped using 

continental and zonzl averages, which they present. Tab. 2 gives, for each 5 degrees 

of latitude, the zverage evapotrznspirztion 2nd ihe evzporation and  runoff ratios as  

czlculzted in  this study (i.e., t3e rztios of these quantities to precipit2:ion). For 

comparison, the zonal averages of ET from Henning and the evzporation ratio from 

BR are used. 

There is rezsonably dose ageemen:  Myith BR exceD: in the equatoiid latitudes 

2nd at 15 0 to 20 0 S, where O~LT evacorztim ra:ios exceed :heirs by IC % 07 more. The 

difference czn be accounted for by the highe; rainfall totals on our  mzps in this 

region. There is also 2 discrepency in the region of the Sahara, but this is considered 

insignificant in view of the lo\.; mean zmuz!  i2lnfal! there, on the order of a few 

tens of mm or less in most 2re2s. The  discrepzncjr resulis in pai: by BR’s zddition of 

evaporation from surface waters in  the Sahzran region, producing the evaporation 

ratios thzt exceed 1. 

h contTast, our  ET figures greatly exceed those of Henning, by hundreds of 
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Iztitudes, a consequence of higher cloudiness in equatorial regions. That  fezxre is 

not apparent in the ET calculations of Henning. 

4.4 Soil Moisture 

I 

Only M'Rh4 provide continental estimates of soil moisture. The soil 

moisture fields strongly resemble the ET fields in both shape and magnitude. 

Despite the close agreement between our ET calculations and theirs, there are large 

differences in soil moisture estimates. In the central Sahel near 15 0 N, there map 

indicates mean soil moisture below 25 nun, compared to SO mm on OG- map. There 

is betier agreement in the southern hemisphere, with 25 mm near 20 0 S and 50 mm 

near 15 0 S on both maps. The biggest discrepancy is in the equatorial latitudes. 

MRM indicate a core with soil moisture exceeding 75 mm; i t  exceeds 100 ixm in 

only about half of this arez. Our calculations generally give over 200 mm 

throughout this 2re2, compared v.<th a-maximum of zbout 125 mm in a very small 

core on the M7Rh? n a p .  

Our vzlues, which have been verified for the central Sahel (Marengo et al. 

1?96), seem more rezlistic. In the equatorial region the water holding capacity G! the 

soils is 200 - 500 mm. Thus, soil moisture values as low as 75 to 100 mm imply a 

low degree of soil saturation, which is unlikely in the equatorial tropics with year- 

round rainfzl!. WR.?.?'s czlculations suggest values of at most 100 to 150 mm in the 

wet season, well below that needed to sustzin evapotranspirztion a: the poiential 

rate. 

Calculztions of MW suggest 2 much higher degree of soil saturation, 2nd are 
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thus consis!ent \\*i:h ox: rcsclts. lio\\,e\.c:, 2 dircct CO:T,~~:!SO:I  l\.;;h their results I S  

not possible because they ?resent maps of soil "\\.etxess", :he ratio of coil moisture 

to 1va:er holding capacitlr. The annual  ave;age in :he equatorial regions is oiler 70%. 

It reaches 9070 in both Jull. 2nd October, but about 70% in January and April. The 

latitudes of  maximum saturation (exceeding 90%) shift irom a narrow zone jus: 

north of the equator in  July to a wide iatitudinal bznd south of the equator in 

J m u u y .  These areas correspond closely ivith the area in our maps where mean 

monthly soil moisture exceeds 200 mm. I 

5. Summzry and Conclusions 

This study has produced high-resolution estimates of evapotranspiration, 

runoff and soil moisture over the African continent. ET generally exceeds 1500 

mm/zn in the equatorial regions, with 2 few areas where ET is in excess of 2000 

mm/an. It ranges from abut 500 to 750 n m / a n  in the semi-arid regions of eastern 

AiTica 2nd about 200 to 750 rnm/mo in the semi-arid regions of the subiiopics. On a 

monthly scale, maxima are on the order oi 100 mm/mo or more. It is on the order 

of 5 to 50 mm/an  in the semi-arid regions bordeiing the deserts. Runoff is about 200 

to 500 m m / m  in the equatorid latitudes, but generally less thzn 50 mn;/an in semi- 

=id regions of Africa. It approaches zero for mean 2fiiuzi rzinfall below 500 mm. 

Interannual varizbility is pzrticularly lzrge foi ET. In some areas, the 

difference between wet 2nd dry y e a s  exceeds 500 mm/an. It c m  exceed 250 m m l m  

over much of the continen:. Runoff c m  v2ry by over 100 mm/an  horn year to y e a  

in wetter regions of M7est Africa. In the eouatorid latitudes, even zonzl means c2n 

vary by over 200 mm/an,  compared to 2 iong-term mean on the order of 350 

mm/zn. In the semi-arid sub-equatorial latitudes, the zonzl mems  can vary by 100 

to 150 mm/an. 
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.- I .  O\.erzll, there is gooJ 2~recn:i'::t 't.c.:...>.ee:~ o::r C A ~ C X : : : X ~ : - . S  o l  E r 2nd !3ose oi 

se\ieral other studies. Nevert>,eless, a coT,cidt:ab!e range of \.z!ues for the Alriczn 

continent appears in the literature. There is less agreemen: in the case of soil 

moisture, 21though our ~rzlues 2re consistent ~:.ith the recer,t esfimztes of I\?iintz and 

Walker (1993). Some exl ier  studies appear to have dramatical!\- underestimated ET. 

This is partly a consequence of the relatively low values of net radiation obtained 

from traditional formula, as compared to modern satellite estirnates. Differences in 

assumed surface albedo, particularly in desert areas SUI+ 2s the Sahara, 2re a 

contributing factor. 

A C KN OW LED G MEN TS 

This ~701-k was sponsored by the T&?h/i project vi2 NASA GiEnt KAG5-1587 

2 1  



Tab. 1 Differences in riiyer Cischzrge, rzinfz!] and  runoff beticeen a re12 

Basin 

Niger 

Zaire 

and a relatively d r y  period (%e Fig. 14). Rainfall and runoff are for areas roughly 

approximating the catchment areas, as inaiczted in the caption of Fig. 14. The  

periods are given in the second column, with negative values for rainfall, runoff 

and discharge indicating higher values in the first period. 

Years 

(50-69) - (70-83) 

(50-59) - (60-69) 

I 1 I 1 1 1 

Rainfall 

-62% 

R q n o f f Discharge 

-26 70 -40 To 

I Victoria 

-2% I -10% I -18% 

(56-69) - (70-78) -13% 
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Tab. 2 \?'ater Bzlance Pzrzrnetcrs for FiiIe-Degree L2:::itudinzl Zones o\-er 

Africa. First three colunins are the annual runoff ratio, th. annual evaporztion 

ratio, and annual evapotranspiiation, as  calculated by this stcdy. The four  column 

is Henning's estimates of evapotranspiration and the fifth cciumn is Eaumg2r:ner 

and  Reichel's estimate of the evaporation ratio. 

35-40"N 

30-35"N 

25-30"N 

20-25"N 

15 - 2 0"N 

10-15"N 

5-10"N 

EQ-5"N 

5"s-EQ 

10-5"s 

15-10"s 

20-15"s 

25-20"s 

30-35OS 

35-30"s 

N/P  E/P E 

10 90 594 

1 99 21 5 

0.0 100 23 

0.0 100 35 

0.2 100 244 

5 95 727 

14 86 1193 

13 87 '1144 

12 88 1178 

9 91 1058 

12 88 1023 

5 95 730 

2 98 44-6 

3 97 450 

3 97 441 

EH E/P6R 

89 

1.05 

117 

97 

97 

93 

81 

74 

77 

84 

86 

85 

91 

93 

92 
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FIGURES 

1. Distribution of rainfall stations used to calculzte water balance. 

2. Mean rainfall (in mm) over Africa during 1950 to 1989. Top diagram: annual 

mean; bottom left: January mean; bottom right: July mean. 

I 
3. 

parameters in t h s  study. 

Overview of the evapoclimatonomy model used to calculate water balance 

4. Mean evapotranspiration over Africa, as calculated by the evapoclimatonomy 

model. Top diagram: annual mean (mm/an); bottom left: January mean (mm/mo); 

bottom right: July mean (mm/mo). 

5. Mean runoff over Africa, 2s calculated by the evapoclimatonomy model. Top 

diagram: annuzl mean (mm/zn);  bottom left: January mean (mm/mo); bottom 

right: July mean (mm/mo>. 

6. Mean exchzngeable soil moisture (in mm) over Africz, 2s calculated by the 

evapoclimatonomy model. Top diagram: annual mean; bottom left: January mean; 

bottom right: July mean. 

7. Mean water balance at seven diverse Africm locations. Top diagram: solid line is 

rainfzll, dashed line is evaptiznspiration, a d  dotted line is runoff, all in mm/mo. 

Bottom diagram: mean monthly exchangeable soil moisture in mm. Mean annual 

rainfall (in mm) is given in the upper right. 
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8. Difference (in mm) bet\z,cen annuzl rainfall  in 1955 2nd i983, cor,tinentzlly an 

exceedingly wet and an  exceedingly dry year, respectively. 

9. 

exceedingly wet and  an exceedingly dry year, respectively. 

Difference (in mm) between annual runoff in 1955 and 1983, continentally an  

10. 

continentally an exceedingly wet and an exceedingly dry year, respectively. 

Difference (in mm) between annual evapotranspirafion in 1955 and 1983, 

11. Monthly runoff (in mm) at six locations in wet years and  in dry years. Tne 

dashed line indicates the mean for the ten wettest years during the 1930-1990 period; 

the dotted line indicates the mean for the ten driest years during this period; and the 

solid line indicates the mean for the entire period. 

12. Monthly evapotranspiration (in mm) zt six locations in wet years 2nd in dry 

years. The dashed line indicates the mean for the ten wettest years during the 1930- 

1990 period; the dotted iine indicates the mean for the ten driest years curing this 

period; and the solid line indicates the mean for the entire period. 

13. Zonal averages of rainfall and  runoff (mm/an)  over the African continent 

during the period 1950 to 1989 for each ten d e g e e s  of latitude from 40 O N  to 40 O S. 

Vertical axis on the right refers to runoff, indicated in solid bars; vertical 2xis on the 

left refers to rainfall, indicated in open bars. 
-1 

14. Time series of annual rainfall, runoff and river dischzrge for three basins over 

Africa (discharge data from Howell et al. 1988 and Diimenil et al. 1993). For each 
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basin, the top diagrzm indicates rz infa l l  (open bars) and runoff (shaded bars) in 

inm, with the left hznd axis referring to rainfall, the right hand axis referring to 

runoff, and the bottom diagram indicates discharge (lightly shaded bars). For the 

Niger and Zaire rivers, discharge is in m3/s; for the Victoria tributaries, discharge is 

in mm and represents an  annual average normalized by the area of the lake. The 

hTiger River discharge is compared with rainfall and runoff in the area bounded by 

10 and 20 ON and 15 and 0 0 W. The Zaire River discharge is compared with rainfall 

and runoff in the area bounded by 5 0 N and 15 0 S and the 4tlantic coast and 30 0 E. 

The discharge of the Lake Victoria tributaries is compared with rainfall and runoff 

in the area bounded by 3 0 N and 5 0 S and 30 and 38 0 E. 
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